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1. INTRODUCTION

BRLCB is a comprehensive closed-chamber data analysis program designed to perform all analysis
associated with the high-pressure combustion research facility located at the Weapons Technology
Dircctorate, U.S. Army Research Laboratory (ARL). The program offers five different analysis modes.
First, the traditional burn rate analysis which determines the apparent linear buming or regression rate for
a propellant given an experimental closcd-chamber pressure .istory together with the propellant
thermochemistry and geometry. Second, a synthetic pressure-time: generation mode which calculates the
expected closed-chamber pressure-time profile given propellant thermochemistry, linear bum rate, and
geometry. The third analysis mode is determination of propellant surface area. This analysis determines
the reacting (burning) surface area of the propellant required to support the experimental pressure-time
profile given propellant thermochemistry, geometry, and linear burning rate. Analysis mode 4 is referred
to as an interrupted chamber analysis which is identical to the bum rate analysis except that the pressure-
time profile is for incomplete (interrupted) propellant burning which results when a "blow-out disc" in the
closed vessel ruptures at a predefined pressure and terminates propellant combustion. The fifth and final
mode of analysis is also a bum rate analysis, but is for the analysis of propeliant buming coupled with
the injection of an electrically generated plasma into the closed chamber. This mode is specifically
designed for investigation of potential propellants for use in clectrothermal-chemical (ETC) gun
applications. In addition to the five analysis modes, the program includes exiensive provisions for gata

preparation (smoothing, etc.), graphics capabilitics, and post-processing for preparatioil of output.

Over the years, a number of programs have been developed to perform both the bum rate and surface
arca analysis (Robbins and Horst 1976; Price and Juhasz 1977; Oberle, Juhasz, and Griffic 1987; Oberle
and Kooker 1989). However, except for the Oberle and Kooker program, these programs were designed
to .ccommodate only homogenous propeliants (i.c., propellants with constant thermochermical properties).
An important feature of BRLCB is the ability to analyze not only homogencous propellant buming but

also layered and deterred propeilani burning.

The principal objective of this repoit is to provide dctailsr for using the various program options and
analysis modes. In additiun, the report provides details of the theory underlying the different analysis
modes, results of test cases utilized in verifying and testing the computer program implementation of the
modcl, and, finally, comparison with results obtained using other closed-chamber data analysis programs.

To accomplish this objective, this report is divided into four main sections: (1) User’s Guide and Program




Description, (2) Theoretical Analysis of Ciosed-Chamber Combustion, (3) Validation, and (4) Comparison
With Other Closed-Chamber Data Reduction Programs.

2. USER'S GUIDE AND PROGRAM DESCRIPTION

2.1 Program Structure and Overview. BRLCB is intended for use on an IBM PC or compatible.
However, the program is written in standard FORTRAN 77 and can be ported to operate on any system
which supports FORTRAN, the exceptions being the graphics routines utilized in the program. In
actuality, the BRLCB program structure is not that of single large program but of 8 individual FORTRAN
programs, 1 DOS batch file program, and 34 ancillary information files which are listed in Table 1.
(Note: To run BRLCB, all of the files listed below should be contained in a separate directory, preferably
on a hard disk. In this report, it will be assumed that all the files are in a separate directory with the user

logged into that directory.)

Table 1. Required FORTRAN, DOS Batch, and Ancillary Files for BRL.CB

FORTRAN Programs
MKCHCE.EXE MKMASTER.EXE MKGAGE .EXE
MKPTDATA EXE MEINF.EXE MKSMOOTH.EXE
MKCAL.EXE MKOUT.EXE

DOS Baich File
BRL.BAT

Ancillary Files
iGNITER.INF GAGEFILE
S5.CFF DS.CFF
S7 CFF D7.CFF
S9.CFF DY.CFF
S11.CFF D11.CFF
S13.CFF D13.CFF
S15.CFF D15.CFF
S17.CFF D17.CFF
S19.CFF D19.CFF
S21.CFF D21.CFF
S23.CFF D23.CFF
S25.CFF D25.CFF
S27.CFF D27.CFF
S29.CFF D29.CFF
S$31.CFF I"31.CFF
S33.CFF D33.CFF
S35.CFF D35.CFF




MKCHCE.EXE

MKGAGE.EXE

1
e MKINF.EXE
|

| MKCAL.EXE
1 MKOUT.EXE
} BRL.BAT

IGNITER.INF

GAGEFILE

_:)L___.___ -

P T

then be displayed.

MKMASTER.EXE :

oF MKPTDATA.EXE :

MKSMOOTH.EXE :

55.CFF—S835.CFF

D5.CFF—D35.CFF :

o ¥ A complete listing of all the programs and files are found in Appendices D-L. A brief description

of each program or file is provided below,

Overall controller program for BRLCB which allows program options to be
invoked from a menu.

Program uscd to crcate master information file to be used in the data analysis.

Program uscd to maintain pressure transducer calibration information file
which is used if voltage-time data must be converted to pressure-time data.

Program used to import experimental data into BRLCE,

Program used to updatc a master information file created in program
MKMASTER.EXE for a specific closed-chamber experiment.

Program uscd to prepare the pressurc-time data for the analysis.

Program which performs the sciected data analysis.

Program which provides both paper and disk output of the program results.
DOS batch file used with MKCHCE.EXE to control program flow.

Data file which stores thermochemical propertics of various igniters.

Data file which stores pressure transducer calibration information,

Data files containing the numerical coefficients utilized in smoothing the
pressurc-time data.

Data files containing the numerical cocfficients utilized in differentiating the
pressure-time data.

. The remainder of this section will cover running the program and options which must be run for the
ditferent analysis modes. Subsegnent scetions will provide additional details on the seven main programs
which comprise BRLCB,

To begin BRLCB, at the DOS prompt type BRL. This will invoke the batch file listed above, which
after some initialization will call the program MKCHCE.EXE. The main BRLCB menu (se¢ Table 2) will




Table 2. Main Menu for BRLCB

BRLCB ** Version 3.0 ** January 1992

Main Menu

Create Master Information File
Update gage information
Prepare pressure-time data
Prepare firing information file
Smooth pressure-time data
Perform data analysis

Prepare output

Exit

KN AR

Pleasc enter your choice (1-8).

The particular sequence of options to select will depend upon the analysis modc desired. Figures |
and 2 illustrate the option flow for the five analysis modes. The ontions must be performed in the
indicated order if the program is to work correctly, and all options indicated rust be selecied.*

Appendix A lists the information required by the user for cach option.

*Option 1. Creaw master informwion file, does not have to be invoked if an a;propriate master file for the analysis already
exists.




‘uononpal sied Wnqg D4 (§) PUE Jawnq pAagnuul ()
SISK[EUR BalB 20ejdns (g) ‘Lononpal oiel Wing (]) .Sapop SiSA{eue 0] mO[j UondQ | aundiy

\:My indino asedald

g uondo L uoiidg

ﬁ

sisAjeuy Bl1eQq Wwioclad
g uondo

*

ejep l/d woows
g uondo

1 )

oju) Bun} asedaid
y uondo

*

ejep Vd aiedaid
g uondo

A

) al14 abzp o1epdn
2 uondo

a4 i91sep aeal)
1 uontdQ




Tiep own-oinssad J1¥13uad (g) opoW SISAJeUR JOJ MO[J UOnGQ -7 amngLy

mndinQ siedald
£ uondo

sisAjeuy ejeq wJiopad
9 uondo
Y

aj14 uonewuoju) Buny Emao‘_n:.
y uondo _

!

3[14 uoiewoju] Jaisely ajeals
L uondQ




2.2 Option 1, Create Master Information File (Program MKMASTER.EXE). In BRLCB, the master

information file is the starting point regardless of the analysis mode. The idca behind the master

information file (MAS suggested file extension) is that certain information (e.g., propellant geometry) will
remain fixed for several experimental firings. Thus, onc master file will be created which will then be
utilized to create an updated file (referred to as the .INF in Option 4, Preparing Firing Information file).

The .INF file will contain information specific (e.g., propellanit mass) to a single expetimental firing.

Figure 3 provides an outline of the information required in Option 1.

U

MAKMASTER.EXE

Ideniification Information

: ——— Propeilant Information
Do A. ldentification
i B. Thermochemistry
. 1. Number of Layers
g 2, Constant Propertles vs. Varying Properties
Flame Temperature (K)
Impetus (J/ g)
Moiecular Weight
Covolume (cc / g)
Ratlo of Specific Heat (-)
Density (g / cc)
C. Propellant Geometry

; —— Igniter Information

: — Write Master File {MAS suggested file extension)

— Exit

3 _J . Figure 3. Qverview of information required in Option 1.
-
|
|
1
I

Table 3 displays the first screen presented when Option 1 is run. As shown in the figure, the master

information file can be created from an cxisting master information file. However, this capability is very

i ' limited—editing single entries of an cxisting master information file —is not available nor can the

4 information contained in the previous master information file be previewed. In building from an existing

file, it 15 assumed that the user is cognizant of the contents of the previous master information file and




Table 3. Option 1, Screen 1

BRLCB ** Version 3.0 ** January 1992

Creating a Master Information file

This program will creatc a master information file which
will contain information that does not change from one
firing 1o the next.

Create .MAS file from existing file? {Y/N]
Default: Y

will use the file to avoid re-entering certain blocks of information (gencrally, thermochemistry or geometry
under propellant information, Figure 3). It is recommended that master information files be created from
the beginning until the user becomes very familiar with the overall BRLCB program structure,  The
structure of master informatio and .INF (created in Option 4) files is provided in Appendix B. These
files arc saved as ASCII files and could be directly edited with any standard word processor, bypassing
Options 1 and 4 altogether. However, care must be taken in cditing these files since all subsequent file
names (automatically generated by the program) utilized in the analysis are stored in these files. Failure
to correctly modify any of the stored file names will result in loss of data. Direct editing of the master

information or .INF file is not recommended.

2.2.1 Identification Information. After selecting whether or not to create the master information file
from an existing file, the idcntiﬁcatilon infoimation (Figure 3) suboption is automatically selected. It is
in this suboption that the file name associated with the master information file being created is requested.
Although any acceptable DOS name and extension can be used, IT IS RECOMMENDED THAT ALL
MASTER INFORMATION FILES HAVE AN EXTENSION OF .MAS. Once the identification

information is completed, the user is returned to the main menu, as shown in Table 4.

2.2.2 Propellant Information - Identification. As shown in Figure 3, the propellant information
suboption has three parts—identification, thermochemistry, and geometry.  Identification requests
information conceming the propellant type, source, and lot. A complete understanding of the information
requested and the choices mude in the thermochemistry and geometry scetions of the propellant
information suboption are required for effective use of BRLCB. A detailed description for these scetions

is provided in the next two sections of this report.




Table 4. Main Mecnu for Option 1

Creation of Master File: Main Mcnu

Identification informaiion *
Propellant information
Igniter information

Write the master file

Exit

AW

An * indicates that the information has been provided.
Please cnter your choice (1-5).

(1) Propeliant Information - Thermochemistry, In this pottion of the progiam, thermochemical
properties associated with a single grain are supplied to the program. BRLCB makes no distinction
between homogencous (single layer with constant thermochemical properties), layered (several layers with
each layer having constant thermochemical properties), and deterred (continuously varying thermochemical
properties in at least one layer) propellant grains.  However, the required computational time for
homogencous and laycred propellants is scveral orders of magnitude faster than for variable
thermochemical properties, as shown in Table S, where a five-layer sphere with constant propertics in each
layer is analyzed as a layered propellant and then as a deterred propellant. Thus, whenever possible,
deterred propellants should be described as a multilayered propellant.  Describing a propellant as
consisting of 15 layers with constant thermochemical properties in each layer will result in a substantially
faster run time than describing the propellant prain as a single layer with continuously varying

thermochemical propertics.

Table 5. Run Times on CRAY XMP for Five-Layer Sphere, Constant
Thermochemical Propertics in Each Layer

Mecthod CPU Timc
(s)

Laycred 0.206

Deterred 31.6

The first information requested under the thermochemistry section is for the number of layers in the

grain. The grain can have up to 1§ layers. If the number of layers is greater than ong, the user is

prompted (o enter the starting depth of each layer, as shown in Table 6. Notc from Table 6 that grain




slivering should only occur in the inner most layer of the grain. However, BRLCB will still comrectly
perform the desired analysis if grain slivering occurs in a layer besides the innermost layer. The authors
feel that determination of layer depths and changing thermochemical properties when slivering occurs (in

actual propellant grains) will be very inaccurate.

Table 6. Prompt for Stanting Depth of Each Layer

Enter the stanting depth for cach layer. The first layer
starts at a depth of 0 cm and will be automatically entered.
The last layer must start at a depth no deeper that one-half
the length of the smallest web (i.e., no slivering may occur
except in the inner layer of the grain).

To illustrate how BRLCB interprets layer starting depth, consider Figures 4 and 5. Figure 4 is to
represent propellant grains which have no perforations or slots (in this case, a spherical grain of radius
9 cm consisting of three layers). Layer 1 is always the outside layer and starts at a depth of 0.0 cm,
Successively numbered layers proceed into the grain with the highest numbered layer being the innermost
layer. As shown in Figure 4, the staning depth for layer two is 4.0 cm and for layer threc, 7.0 cm.
Figure 5 is to represent propellant grains with perforations. Specifically, Figure 5 shows the end view of
a single, perforated grain with three layers. Note that layers 1 and 2 form two distinct regions into the
grain. Layer 1 is the layer adjacent to the propellant grain boundary (in this case, the perforation
boundary and outer boundary), while layer 3 is the inncrmost layer. Layer 1 starts at a depth of C.0 cm,

layer 2 at 1.5 c¢m, and layer 3 at 2.5 cm.

After the number of layers and starting depth of each layer is entered, the user is prompted to cnter
whether the layers will all have constant thermochemical properties or whether at least one layer will have

continuously varying properties. If ail layers have constant thermochemical properties, the values for the

properties listed in Table 7 will be requested for each layer.




Layer 1
Starting Depth = 0.0 cm.

Layer 2
- Starting Depth = 4.0 cm,
' Layer 3
. Starting Depth = 7 cm.

Figurc 4. Starting depths for layers of a grain without perforation or slats,

Layer 1
Starting Depth = 0.0 cm.

Layer 2
Starting Depth = 1.5 em.

Layer 3
Starting Depth = 2.5 cm.

Perforation

Figure 5. Starting depths for grains with perforations,
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Table 7. Required Thermochemical Properties

——

Property Units
Flame temperature K
Impetus Jig
Molecular weight -
Covolume cm3/g
Ratio of specific heats -
Density g/em?

e

A value for molecular weight consistent with the flame temperature and impetus will be suggested by
the program. This value should be accepted, it is the flame temperature and molecular weight which is
used in the analysis, aot the impetus. The molccular weight is computed from the flame temperature and
impetus by the following equation

8.314 = Flamc Temperature (1)

Molecular Weight =
Impetus

If any layer has continuously varying properties, the user will be prompted (sce Table 8) to enter the
thermochemical properties shown in Table 7 at both the beginning and end of each layer. The molecular
weight, in this case, is not computed by the program; the user must determine a consistent valuc with

flame temperature and impetus for the molecular weight. Equation (1) can be utilized for this purpose.

Table 8. Prompt for Entering Continuously Varying Thermochemical Properties

Values will be entered for the beginning and end of each layer. All input
in metric units. For any layer, there should be no more than a 20%
variation in any property.

Pt e i o o)

(2) Propellant Information - Geometry: Currently, BRLCD suppo

in Table 9.

z
@
s
|
=
(434}
[¢*]
<)
=
-
5
[¢]
EJ'A
[-}]
(4]
(4]
=l
§a
23

12




PR S

Table 9. Grain Geometries Supported by BRI.CB

Sphere

Zord

Rectangular strip
1-Perforated cylinder
Slotted tube
7-Perforation cylinder
7-Perforation hexagonal
19-Perforation cylinder
19-Perforation hexagonal
37-Perforation hexagonal
Cord with inhibited ends
Sandwich with inhibited sides
Cigarette

WR N R -

et i et
W= o

Implementation of the first 10 grain geometries is identical tc that found in the interior ballistic code
IBHVG2 (Andersen and Fickie 1687). Figures 6-18 show each of the grain geometries. (Figures 6-15
are from the Anderson and Fickie report.) All perforations on a grain are assumed to have the same
diameter. For hexagonal grains, the inner and middle webs must be equal. The following notation is used

in the diagrams.

D : Grain diameter Wi : Inner web
L : Grain length WM  : Middle web
DP . Perforation diameter WO : Outer web

Once the propellant grain dimensions are entered by the user, the program will determine if the
dimensions are consistent. If not, the program will provide the user with a consistent set of dimensions.
The user has the option to accept the consistent set or keep the dimensions entered. However, for
compuztational purposes, the dimensions must be consistent and the program will utilize the consistent set

of dimensions suggested to the user in the computation even if the user elected to keep the inconsistent

dimensions.




. 29 .
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Figurc 6. Sphere.

Figure 8. Rectangular Strip.

Figure 7. Cord.

Figure 9. 1-Perforated Cylinder.
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Figurc 10. Slotted Tube.

Figure 12. 7-Perforation Hexagonal.

15

Figure 11. 7-Perforation Cylinder.

Figure 13. 19-Perforation Cylinder.




Figurc 14. 19-Perforation Hexaponal, Figurc 15. 37-Perforation Hexagonal.
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1 Figurc 16, Cord With Inhibited Ends. Figure 17. Sandwich With Inhibited Sides.
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Figurc 18. Cigarette,

2.2.3 Igniter Information. Three options for igniter information arc provided by BRLCB, as shown
in Table 10

Table 10. BRLCB Igniter Options

Creation of Master File: Igniter Information

Information concerning the type of igniter being
used is nceded. The available options are:

Black powder

Enter new information
Use igniter library
Exit

bl A

Please enter your choice.

Option 1, Black Powder, scts the igniier to black powder with thermochemical propertics shown in
Table 11. Sclecting "Enter New Information” will require the user to cater the same thermochemical

values as for the propellant shown in Table 7. "Using Igmiter Library” accesscs the igniter information

17




file where information on various igniters has been saved. (Note: The information in the igniter

information file is built up by the user.)

Table 11. Thermochemical Properties of Black Powder Utilized in BRLCB

Theo. impetus (J/g): 290.00000 .
Flame temperature (K): 2188.00000
Density (g/em?): 1.75000

. Average molccular weight: 65.37000

v Covolume (cm3/g): 0.78500

e Gamma; 1.21840

o Write Master File should then be selected. [Note: To preview the thermochemical properties entered prior

-_.'i'i"" to writing the Master File, enter a 10 for your selection. |

2.3 Option 2, Update Gage Information (Program MKGAGE EXE). Generally, closed-chamber

pressurc transducers record "counts” or voltage which must be converted to units of pressure, which for

|
2 ’{ After the igniter information is entered, the program retums (o the main menu, Table 4, Option 4,
[ this program must be megapascals (MPa). BRLCB permits data to be imported to the program cither in

units of pressure, voltage units (or any units which can be converted to pressure), or in a format specific

to BRL (details provided in section on Option 3, Prepare Pressure-Time Data). However, since each

|
!
! research facility will have their own standard operating procedure for data acquisition, only the simplest
| (except for the BRL procedure) voltage-to~-pressure conversion is provided in BRLCB. This conversion
|

is bascd upon a sccond-order relation between voltage and pressure. The conversion is given by

N

1

Pressure (MPa) = A + Bx + Cx? , @)

where x is whatever quantity the user is employing to import the data. The coefficients A, B, and C will

depend upon the units of the quantity x. However, the pressure must have units of megapascais.

R _E_J_

The purpose of Option 2, Figure 1, is to providc a utility by which the user can maintain a data file

of the conversion coefficients A, B, and C, which at the Weapons Technology Dircctorate, ARL, are

l'
«
f
L i} relaied to the pressure gages. This data file can then be accessed in Option 3 (Prepare Pressure-Time
|
|
|
[
|




Data) when the data arc imported to BRLCB. Using this data file will minimize the number of times the
cocfficicnts must be entered into the program if the same cocfficients will be used for several data sets.
Mainienance options available for manipulating the gage file are presented in Table 12. These same

options arc also accessible in Option 3 (Prepare Pressure-Time Data).

Table 12. Gage Maintenance Options

G.ge Maintenance Program
Sub Menu

View gage information

Add a gage to data basc

Delete a gage from dara base
Locate specific gage in data base
Exit

w b

Please enter your choice (1-5).

2.4 Option 3, Preparc Pressure-Time Data (Program MKPTDATA.EXE). Asindicated in the previous

section, BRLCB provides five methods by which data can be imported to the program. These five

mcthods are shown in Table 13.

Table 13. Methods by Which Data Can Be Imported to BRLCB

BRLCB supports five options for preparing the pressure-time data for
the computation.

ASCII file of time and pressure (two columns, time/pressure)
ASCII file of pressure (one column, pressurc)

ASCII file of time and voltage (two columns, time/voltage)
ASCII file of voltage (one column, voltage)

A voltage-time file from VuPoint/BRL procedure

Exit option

S

How will the pressure-time data be entened?
Plcase enter your choice (1-5 or 6 to EXIT).

After the method by which the data will be imported to the program is sclected, the file name for the
data is requesicd. This will be followed by o prompt for the file name under which the converted data

will be saved. The prompi is shown in Table 14. As stated in the prompt (Table 14}, the file is to have
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no extension (for example, aitestl, an extension of .pvt will be automatically appended by the program

to create the file aitestl.pvt). The format of the .pvt file is shown in Table 15. This file name, in the

example a:test], will be the file name used with different cxtensions (see Section 2.5, Option 4) for all
the files created during the analysis. IN ALL SUBSEQUENT PROGRAM OPTIONS WHEN A FILE NAME
IS REQUESTED, THIS FILE NAME (WITHOUT EXTENSION) SHOULD BE USED.
EXCEPTION BEING THE MASTER FILE NAME REQUEST IN OPTION 4.

Table 14. Filc Name Prompt

Enter the file for the output file which will contain the pressure-time data
recady for BRLCB. Enter file name, ail DOS path conventions apply, but
there can be no extension for the file. Note: This file name will be the
name used for all other files produced by the BRLCB analysis. This is the
file name to usc when asked in subsequent eptions for a file name,

Table 15. Fommat of .PVT File

Line 1:
Line 2:
Line 3:
Linc 4:
Linc 5.
Linc 6.

Linc N+1;
Line N+2:
Linc N+3:
Linc N+4:
Line N+35:

Number of data points
Maximum pressure (MPa)
Minimum pressure (MPa)
Ending time (s)
Stanting time (0.0 s)
5 + number of data points = N:

Col 1. time(s), Col 2: pressure (MPa)
Gage ID ("none" if no gage used)
Voltage input to gage (0.0 if no gage used)
Constant cocfficient (0.0 if no gage used)
Linear cocfticient (0.0 if no gage used)
Sccond-order coctficient (0.0 if no gage used)

THE ONLY

Once the file names have 'xeen entered, a message describing the format of the imported data file is

provided. (Note: For method 5, a voltage-time file from VuPoint/BRL. Procedure, see Scction 2.4.1), For

all other methods of importing data, the total number of data points cannot exceed 2,048 points. Next,

the time step utilized in the data recording is requested. ‘This time step is to be given in milliseconds (ms)

and the data must have been recorded with this constant time step.  The burning rate and surface area

analysis are predicated upon a constant time step for the data recording. This program is not designed

to analyze data with unequal time steps.
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If the imported data are already in pressure units, the output file will be written and the option will
be completed. For imported data in voltage (or any other units), conversion coefficients for a second-
dcgree relation will be requested. These coefficients can be entered directly into the program or the gage
file (see section 2.3) can be accessed to obtain the coefficients. Provisions for saving newly entered
cocfficicnts into the gage file arc provided. Once the cocfficients arc entered, the output file will be
written and the option will be completed.

2.4.1 VuPoinyBRL Procedure. This method is based upon the data reconding procedure utilized at
the Weapons Technology Dircctorate, ARL. Data are recorded on Nicolet oscilloscopes and then
processed using the program VuPoint (S-Cubed Inc., Division of Maxwell, San Dicgo, CA). The VuPoint
program produces two files—one containing calibration information and the second the firing data. Under
this method of importing data to BRLCB, these two files, which are in units of voltage and time, are

automatically rcad and the data converted to pressure data utilizing the method described below.

Conversion to Engincering Units.

(1) To convent the Nicolet voltage data to engineering units, the first step is to compuic the
responsc factor for the whole electronic/digital data acquisition system (i.e., the amount of charge [Q)]

represented by ecach ADC count). This is donc as follows:

(a) Compute charge for calibration step
Q=cCv;, 3
where
V,; = calibration voltage input to the charge amplificr*

C = capacitance of cal capacitor in charge amplitier (1,000 pF)

@ = charge, picocoulombs

*Note: The V; information does NOT appcear on the Nicolct.




(b) Charge per ADC count

F=Q/(Cpy = Cun) “)
where
F = response factor for system (picocouiombs/count)
¢ = charge (picocoulombs)
Cx = maximum valuc of cal step
C,., = minimum value of cal step

Note: C,,, must be positive and C,,, ncgative.
(2) Converting Data to Engineering Units,

(@) The value of C,,, is subtracted from cach pressure count. This amounts to a bascline

correction to get a corrected ADC count (C,,,) for the pressure at cuch point.

(b) Using the sccond-order fit equation giving pressure in terms of charge developed; the

pressure is computed for cach time step, as indicated below:

P=A+8 (Fccor) +C (F C::or)2 ! ©)

where
P = pressure (MPa)
A, B, C = zero, first- and sccond-degree calibration cocfficients
F = response factor (picocoulombs per ADC count)

C.or = counts for cach press point

cor

2.5 Option 4, Prepare Finng Information File (Program MKINF.EXE). In Option 1, Create Master

Information File, information which would remain constant for a series of experimental firings or
simulations was cntered and saved in a file termed the master information file. In this option (Option 4),
that information specific to a single cxperimental finng or simulation is appended to the master
informaiion file 10 create a unique file known as the JINF file or information file. Since the information

file is created from a master information file created in Qption 1, the first query posed 1o the user, after

22




Option 4 is selected, is for the name of the master information file, as shown in Table 16. The master

information file name should be given with both the drive and extension.

Tabie 16. Request for Master Information File

. Information pertaining to an individual firing is entered using this option.

' The file is built from a master file created using Option 1. Enter the name
of the master file which will be used in creating the curnrent information
file, include drive and extension.

Next, as shown in Table 17, the type of computation to be performed is determined. Depending on
! the computation mode selected, additional information required for the specific computation will be

requested.  Specific details for each computational mode arc provided in the following scctions.

Table 17. Prompt for Sclection of Computational Mode

Enter the type of computation which is to be performed.

Bum rate reduction

Inversc analysis (generate P/T)
Surface arca analysis
Interrupted bumer

ETC reduction

vih N

2.5.1 Bum Rate Reduction. To perform a buming rate reduction an experimental pressure-time file

is required. This file MUST be created under Option 3 befere Option 4 can be selected. Thus, when the
bum rate reduction mode is selected, the first request is for the name of the pressure-time file created in

Option 3. This prompt is shown in Table 18. After the pressure-time file is examined, the user is asked

to verify the time step. |

Table 18. Prompt for Pressure-Time File Created in Option 3

| Enter the name of the pressure-time file created in Option 3 which is

% associated with the information file being created. This file must be

| created before the information file is created. If the pressure-time file does
. ‘ not exist, exit the program and complete Option 3. Remember the file
‘RJ name is given without extension but all DOS path options are applicabie.
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As described in the section on Opticn 3, the name of the pressure-time file (without extension) will
determine the names of all other files used in the computation. The various files and associated names
(the name consists of the pressure-time file name with a specific extension) are shown in Table 19 as they
are p-esented to the user while running Option 4. A description of each file is also provided. (Note: In
Table 19, a:testl is the example test name used in Option 3, this portion of the file names will be whatever

name was used for the pressure-time file created in Option 3.)

Table 19. Files and File Names Utilized in Bum Rate Reduction

The following file names will be used:

Master File : atestl.mas Created in Option 1
Information File : atestl.inf Created now in Qption 4
Pressure-Time File atestl.pvt Created in Option 3
Smoothed Data File : a:testl.pdt Created in Option §
Output File aitestl.out Created in Option 6
Graphics File : actestl.dat Created in Option 6
Bumn Rate File . aestl.br Created in Option 6

Pause - Plcase enter a blank line (to continue) or a DOS command.

Master File (filenamel.mas): File created in Option 1 used to generate the information file currently

being created.

Information File (filename.inf): File currently being created.

Pressure-Time File (filename.pvt): Pressurc-time data file created in Option 3 associated with the

information file being created.

Smoothed Data File (filename.pdt): File created in Option 5 which will contain the pressure-time data,

which may be smoothed. etc., dircctly used in the bum rate computation.

Output File (filename.out): File to which the results of the computatien will be printed.

Graphics File (filename.dat): Special file created io usc with graphic packages external to the BRLCB

program. The structure of this file for all the computation modes is shown in Table 20.
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Table 20. Structure of Graphics File

Computational Option Column 1 Column 2 Column 3
Bum rate reduction Pressure (MPa) Bum rate (cm/s) 0.0
Inverse analysis Time (ms) Pressure (MPa) 0.0
Surface area Fraction bumned (-) Surface area ratio (-) Depth bumed (cm)
Interrupted burner Pressure (MPa) Bum rate (c/s) 0.0

ETC ieduction Pressure (MPa) Bum rate (¢/s) 0.0

Bum Rate File (filename.br). File containing results of the computation of bum rate laws in the

standard r = bP" form, 7 in cm/s.
Afier the file names arc determined, the specific information concerning the hardware and charge mass -};-'
utilized in the experiment are requested. The necessary information, together with proper units, is

prasented in Table 21.

Table 21. Hardware and Charge Information Requested in Option 4

Information Units

[S8}

Bomb volume c
Initial bomb temperature
Propellant mass

[gniter mass

Propellant temperature
Igniter temperature

A Rm e K3

Finally, information conceming the pressure range for the bum rate laws is requested (Table 22).

Pressure ranges arc based upon the maximum observed pressure,

This completes the mequired information for the bum rate reduction analysis, the information file is

then written and the program rctums to the main BRLCB menu.
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Table 22. Request for Pressure Ranges for Bum Rate Laws

One output of the bum rate analysis is a series of bP™ bum

rate laws. The fpnogram has the option to determine the

bum rate laws for any given pressure range up to the
maximum pressure for the firing.

Three preset ranges can be used:

5-10%
10-25%
25-75%

1. Use predetermined ranges.
2. Enter new ranges.

Please enter your choice.

——

2.5.2 Inverse Analysis (Generate P/T). Unlike the bum rate reduction, the inverse analysis, generation
of a pressure history, does not require a pressure-time file; thus, Option 3 is not utilized (Figure 2).
Therefore, upon sciecting the inverse analysis mode, the first question of the user is to provide the
filename to be used for the information file as well as all the other files created during the analysis. These
files and their names are shown in Table 23. Note that the files are a subset of those used in the buming

rate reduction calculation (Table 19). (As before, atestl and actestpgen are simply example file names.)

Table 23. Files and File Names Utilized in the Inverse Analysis

The following file names will be used:

Master File ; atestl.mas Created in Option 1|
Information File : atestpgen.inf Created now in Option 4
Qutput File ;. aesipgen.out Created in Option 6
Graphics File : a:estpgen.dat Created in Option 6

Pause - Please enter a blank line (to continue) or a DOS command.

Next, the time step in milliseconds to be used in the pressure generation is requested. As in the burn
raie reduction, the user is then prompted for specific hardware and charge information. This information
is identical to the bum rate reduction, scc Table 21. However, unlike the bum rate reduction calculation,
to gencrate a pressure history the propellant linear buming rate must be known. BRLCB aliows the

buming rate to be entered in one of two ways, as indicated in Table 24,




Table 24. Methods for Entering Propellant Burning Rate Information

Enter the method by which the bum rate information

will be entered.
1. bP" bum rate law one law for each layer
2. Table of pmssure vs. rate

Enter your choice by number (1-2),

In Option 1 (4P" bum rate law), the program can only accommodate one law per grain layer. Under
the second option, tabular pressure vs. rate, no such restriction is imposed. Bumn rates at intermediate
pressures are obtained through linear interpolation of the table of log (pressure) and log (rate). The

information file is then written and the program returns to the main BRLCB menu.

2.5.3 Surface Area Analysis. Required input for the surface area analysis is identical to the bum rate
requction analysis, except that information conceming the propellant buming rate is required. This

information is obtained as in the inverse analysis (Table 24).

2.5.4 Interrupted Buraer. Required input for the interrupted bumer analysis is identical to the bum

raig reduction analysis.

2.5.5 ETC Reduction. The ETC reduction is essentially a bum rate reduction for pressure-time data
obtained in an expenimental firing in which an electrically generated plasma has been injected into the
closed chamber during the propellant combusion. Thus, in addition to the information required for the
burn rate reduction analysis, information conceming the electrical energy injected into the closed chamber
is required. BRLCB expects the electrical energy information to be contained in a scparate file. The
prompt for this file name (Table 25) follows after the pressure-time data file is examined and the time step
verified.

Table 25. Prompt for Electrical Energy File

|
! For the ETC reduction, a file of cumulative electrical energy vs. time is
required. The time must match the time in the pressure-time file, the units
are seconds. The clectrical energy is in units of megajoules (MJ). Enter
the file name.

27




T
R T

-
el

.

B T 5 - S U O P

o —

T

!
]
'
]
|
i

1§

For this option to function properly, the time step in the clectrical energy file must be the same as the
time step of the pressure-time file and must be aligned in time with the pressure-time data. Note that the
file is to contain the cumulative electrical energy in megajoules. Ik addition to the clectrical energy file
name, the user will also be asked for the total electrical energy in megajoules (M1J).

2.6 Option 5, Smooth Pressure-Time Data (Program MKSMOCTH.EXE). In Option 3 (Prepare

Pressure-Time Data), pressure-time data are imponed into the BRLCB program; however, no aticmpt is
made in that option to "massage" or prepare the data for the desired BRLCB calculation. Even if no
modifications to the pressure-time data imported in Option 3 is desired by the usce, Option 5 must still
be executed in order to prepare the data in a format expecied by the data analysis program (Option 6).
Table 26 summarizes the data massaging available and indicates whether the manipulation will

automatically be performed or is optional.

Table 26. Data Preparation Options Available in BRLCB

Wildpoint removal Optional
Reduce number of data points Automatic
Smoothing data Optional
Calculation of dP/dt Automatic
Make data monotonic increasing Optional

The option begins by requesting a file name. As discussed in Options 3 and 4, this file is the file
name cutered in Option 3 without extension.  The program will automatically append the correct
cxtensions (PVT for the pressure-time data and .INF for the information lile). As indicated in the
previous section, this option will create a file with the same file name but with an cxtension of .PDT.
Once the file name is obtained, the program will display the smoothing and differentiation options, as

siiowni in Table 27.
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Table 27. BRLCB Smoothing and Differentiation Options

Smoothing and Differentiation Options

Use a fixed bridge length (slivering not considered).
Use a "floating” bridge length (slivering not considered).
Use a fixed bridge length (slivering considered).

Use a floating bridge length (slivering considered).

Exit

kW

i__Plcasc enter your choice,

—— —

Essentially, smoothing and differentiating is performed using a weighted average about each point.
For smoothing, only the pressure data are utilized; for differentiation, both the pressure data and time step
arc used. The number of points used in the averaging is called the "bridge length.” In BRLCB, the bridge
length can vary from 5 to 35 points, but must be an odd number. Coefficients for both the smoothing and
differentiation are listed in Appendix M, contained in volume 2 of this report. To illustrate, consider using
a S-point bridge length for smoothing the 50th pressure data value, P50. Let s1-s5 be the smoothing

coctficients. Then, the smoothed pressure value which will replace the 50th pressure point is

s1(P48) + s2(P49) + s3(PS0) + s4(P51) + sS(P52) . )

If a fixed bridge length option is sclected (Options 1 and 3), then that bridge length will be used for
all the data except for data points at the beginning and end of the data record where the bridge length is
adjusted so that indices for the data outside the data bounds are niot requested. For example, the first two
and last two data points are never smoothed; data point 3 is smoothed with a bridge length of 5; data
point 4 with a bridge Iength of 7; etc. Using the floating bridge length options (Opuons 2 and 4), results
in the program automatically computing the bridge length to use with each point. This bridge length will
vary with each point and is selected so that the difference between the highest and lowest pressure in the
smoothing is less than 10% of the maximum observed pressure for the firing. The same bridge length
compuicd for the smoothing is utilized in the differentiation. Additional details on the smoothing and

ditferentiation methods can be found in a report by Doman (1988).

Slivering refers to the point when the smallest propellant web has bumed through and is often

accompanicd by a disiinct change in the slope of the pressure-time curve. Smoothing, using data points
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on both sides of this point in the pressurc-time curve, can distort the data which will be reflected in the
computed buming rates. If the user selects either Option 3 or 4, smoothing and differentiation up to and
after the slivering pressure are performed independently. However, BRLCB does not compute the pressure

associated with the slivering event. This must Le supplied by the user,

(Note: The derivative of the pressure, dP/dt, is not utilized in any of the calculational modes of
BRLCB. However, it is computed since this information is utilized by some rescarchers and propellant

formulators to determaine certain propellant characteristics, namely, "relative quickness.”)

As indicated in Table 26, some of the data preparation options are antomatic while others ace optional.
To not perform cither the wildpoint removal or smoothing, enter a zero when the program requests the
number of wildpoint or smoothing passes to perform. (Note: Multiple wildpoint removal and smoothing
passcs are permitted in BRLCB.) As for making the pressure data monotonic, which will improve run
time, make the desired choice when prompted. One addition option is available for the wildpoint removal.
If wildpoint removal is sclected, the user is able to indicate a tolerance for keeping or rejecting a point.

The prompt for this option is shown in Table 28.

Table 28. Prompt for Tolerance on Wildpoint Removal

This program ailows the user to enter a value 1o determine what the cutoff
will be for discarding or keeping wildpoints or outliers. The value entered
can be any number greater than zero. The closer to zero, the tighter the
tolerance on the wildpoints.

Enter the value for the tolerance on the wildpoints, A valuc of 5 is
generalfy used.

Essentially, ihe value cuteied can be thought of as the number of standard deviations required for a

point to be considered an outlier or wildpoint. Additional details can be found in Doman’s report (1988).

The actual flow of the data preparation in this option is:

1. Wildpoints arc removed from the entire data sct if the option is sclected. The number of

wildpoint passes sclected by the user arc perfornmed consecutively at this point.
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2. The number of data points are reduced. Points are deleted from the beginning of the file so
that no point with a pressure below 80% of the theorctical igniter pressure is retained. All points after
the maximum obscrved pressure are also deleted. A summary of the deleted points is provided to the user,
see Table 29.

Table 29. Summary of Deleted Data Points

The pressure due to the igniter is: MPa
The starting pressure value is: MPa
N points have been deleted.

This corresponds 10 a time ¢zlay of: ms

The indices are:

Pause - Please enter a blank line (10 continue) or a DOS command

Note: If the ETC burn rate computation has been selected, data points in the clectrical
encrgy file will be climinated in an identical manner to maintain the time alignment
between the two files.

3. The reduced data file is smooth with the number of passes sclected by the user according to

the sclected smoothing option.

4. The pressure derivative is computed on the smoothed data.

5. The data file is further reduced in size so that no data point after the data point when the
theoretical igniter pressure (with heat loss considered) is first obtained has a pressurce below the igniter
pressure. (Note: In the analysis, the igniter is considered to be all bumnt so the deleted data points would
net be utilized in the computation.)

6. The prcssure data are made monownically increasing if that opton is selected.

7. The .PDT crcated by this option is written with the format given in Table 30. However, a
maximum of 999 points will be saved in this file. If points arc deleted, the deletion will start from the

beginning of the data. The reduction in points is by truncation, not decimation. (Column 4 is included

for the ETC reduction only.)
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Table 30. Format of .PDT File

Cclumn 1 Column 2 Column 3 Column 4
Time Pressure dP/dt Electrical Energy
(s) (MPa) (Million MPa/s) (M)

Note: When data points are deleted, the time is adjusted so that the first data point has time 0.0 s.

2.7 Option 6, Perform Data Analysis (Program MKCAL.EXE). As the name indicates, this option

performs the actual data analysis indicated in Option 4, Prepare Firing Information File, by the user. The
uscr is first prompted to enter the file name (the common .INF, .PVT, and .PDT file name) associated with
the analysis. As discussed in previous scctions, the file extension is not included. (Note: Entering a 10
at the file name prompt will allow the user to change the default convergence criteria utilized in the
program for computing mass bumed. The current default is 1E-5.) After the file name is entered, the
program will access all nccessary files and begin the analysis. First, the program will determine the mass
of air in the closed chamber based upon the data contained in the .INF file. The user may elected to
ignore the air mass in the bomb (e.g., the closed chamber was evacuated before the firing) and is provided

this option, as shown in Table 31.

Table 31. Prompt for Air Mass Option

The computed mass of air in the bomb is; g. Do you wish to

change this value t0 0.0 g? (yes=1,n0 =2)

Enter your choice.

Next, information conceming the heat loss is presented. BRLCB uses the term heat loss fraction

which is computed as

Observed Maximum Pressure )
Theoretical Maximum Pressure

Heat Loss Fraction = 1 -

If the analysis mode is 1 (Bum Rate Reduction), 3 (Surface Arca Analysis), or 5 (ETC Reduction),
the heat loss information will be presented as shown in Table 32. In general, a different value for the heat
loss fraction should not be entered. The information is provide mostly as a "sanity" check. Observed

maximum pressure should never exceed the theoretical maximum pressure.  If it does, the input values
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to the program should be carefully examined. On average, the heat loss should be in the 5%-10% range
(LOVA propellants up to 20%), heat loss fraction of .05~.1. When heat losses greatly exceed these values,

the inpuy data to the program, data recording, and/or experimental procedures should be examined.

Table 32, Presentation of Heat Loss Information

**Based on the following pressure information:
Observed maximum pressurc (MPa) value of =

Maximum theoretical pressure (MPa) value of =
The current heat loss fraction is:

Enter a different value? (yes = 1, no = 2)

However, if analysis mode 2 (Pressure Generation) or 4 (Interrupted Bumer) is selected, a value for

the heat loss fraction must be entered. The prompt to enter the heal loss fraction is given in Tablc 33.

Table 33. Prompt for Heat Loss Fraction, Analysis Modes 2 and 4

For the pressure generation option (Option 2) or the interrupied bumer
option (Option 4}, a heat loss fraction must be entered. The heat loss
fraction is in the range of 0.0-1.0. For example, a value of 0.1 means
10% of the total energy will be considered lost as heai to the chamber wall
during the calculation.

Enter the value for the heat loss factor. A decimal between 0.0 and 1.0.

After air mass and heat loss are handled, the analysis is started. As mentioned carlier, the model

assumes that the igniter is all bumt at the start of the analysis. Thus, points at the beginning of the data

file may be ignored. Information concering the ignored data points is provided to the user, as shown in
Table 34.




Table 34. Information Conceming Data Points Ignored in the Calculation

For the calculation to be performed comectly, all pressures must be above
the igniter pressure. For the current data set points had to be deleted to
obtain all pressures above the igniter pressure. Information relative to the
4 deleted data points is:

Number of points deleted:
Time interval of deleied points {ms):
Igniter pressure (MPa):

2.8 Option 7, Prepire Qutput (Program MKOUT.EXE). This option, as the name indicates, is used

to prepare both hard copy and/or magnetic output for the analysis. The option provides for computation

of bum ratc laws and graphical output as well as a one page suminary sheet for bum rate reductions

(analysis modes 1, 4, and §).

Appendix C contains a sample output from BRILCB. First, the input information provided by the user
is echoed, Next is a complete listing of all data used in the computation and information conceminy
maximum chamber propertics, together with heat loss information.  Tabular data from the computation

follow. Tabic 35 summarizes the information for the nine columns of the tabular data,

Table 35. Structure of Tabular Data Qutput for BRLCB

|
°| —

i Column Information Units
“

| 1 Computational step -

i 2 Propellant layer -

‘ 3 Time ms

; 4 Chamber pressurc MPa
, 5 Unbumed propeliant mass g
L 6 Bum rate cys
. } 7 Propellant surface arca cm?
] 8 Average chamber temperature K

l 9 Depth bumed cm

o This option also allows the user o perform a Fast Fourier Transform (FFT) analysis of computed
buming rates if the rates display a lavge amount of oscillations. Trial and error will be required to

determine the best cut-off value for the FFT frequency. Generally, selecting a low frequency will provide
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the best resulis, Figure 19 shows burning rates computed for an M3 propellant. As can been scen in the
figure, some oscillation of the buming rate is present. After performing a low pass filter on the data, ihe
buming rate shown in Figurc 20 is obtained which displays much less oscillation. A comparison of the
two buming rates is provided in Figure 21. In the program, the user is able to determine the cffect of the

FFT and decide whether to use the original or fifter burning rate data.

2.9 Sample Problem. On the diskette containing the source files for BRLCB is a subdirectory labeled
SAMPLE. This dircctory contains ail the files from a samplc BRLCB buming ratc reduction (scc
Table 36). The information can be used cither to verify the computational portion of the BRLCB program
or provide the uscr with a "practice” sct of data to utilize in Icaming how to run the entic BRLCB

program for buming ratc rcduction.

Table 36. Files in Subdirectory SAMPLE

TEST1.PT
TEST1L.MAS
TEST1.PVT
TEST1INF
TEST1.BR
TESTL1.PDT
TEST1.0UT
TEST1.DAT
TEST1.PRT

To verify the computational portion of the program, follow the following prmcedure.

1. Copy the files TESTLINF, TEST1.PDT, and TEST1.BR to a disk in drive A (these files must
be on drive A).

2. Change directory to the dircctory containing the BRLCB program.

3. Stant the program by typing BRL and select Option 6.

4. At the file name prompt, enter ATEST1, aceept the air mass as computed, and set the heat

loss to 0.0.
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5. When the program retums to the main menu, seiect Option 7. Respond to the file name

prompt again with A:TEST and do not perform any filtering on the bum rate data.

The printed output can be compared with the information in the file TEST1.PRT. If these files arc
not identical, repeat the process.

Instcad of simply verifying the computational portion of the program, it is reccommended that the user
excrcise all the options of the program by using the sample data to perform the buming ratc reduction
from the beginning. In this case, only one file (TEST1.PT) nceds to be copied to drive A (or to the
directory where the BRLCB executable programs are located). Then, the user should run all opiions (1-7)
except Option 2, in order. Necessary information for the reduction is listed in Table 37. Results can be
comparcd with the file TEST1.PRT.

Table 37. Information Required for Sample Burning Rate Reduction

Propellant:
Grain geometry Sphere
Diameter 0.072 cm
Impeius 1,165.4 J/g
Flame temperature 3,680 K
Molecular weight 26.25323
Gamma 1.2155
Covolume 0.966 cm>/9
Density 1.6 g/em?
Mass 13.1g
Initial temperature 294 K
Igniter:
Samuc thermochemistry as propellant
Mass 0S5¢g
Initial temperaturc 284 K
Hardware:
Bomb volume: 65.5 cm?
Time Sicp:
0.025 ms
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3. THEORETICAL ANALYSIS OF CLOSED-CHAMBER COMBUSTION

A closed chamber is a rather simple device which monitors transient combustion with a single
diagnostic—a wall-mounted pressure transducer. Except for the initial conditions, the pressure-time record
is the only informnation available 10 deduce an effective lincar regression rate of the maierial confined in
the chamber, Of course, predicting this regression (or bumning) rate is not a new problem. A number of
methods of varying levels of sophistication have been advanced over the years, as illusirated in Robbins
and Horst (1976); Price and Juhasz (1977); Oberle, Juhasz, and Griffic (1987), Robbins and Lynn (1988);
and references therein, Although a comprenehsive review is beyond the scope of the present report, it
appears that two basic approaches have been employed. The first method derives a closed-form solution
for mass remaining (or consumed) in the chamber as a function of the experimental valuc of pressure,
The second method derives a differential equation for the rate of change of propellant mass which must
be numerically integrated in time, This differential equation, of course, must be accompanied by some

cstimate of the time derivative of chamber pressure from the experimental data.

In the authors’ opinion, the first method (closed-form solution) is superior. The sccond method can
be encumbered by stability and accuracy problems associated with forward time integration and also
requires that the cxperimental pressure-time data be differcntiated. With an objective to climinate as many
sources of error as possible, the present analysis will be based on a closed-form soiution (first method).
Although derived independently, the analysis shares the general approach first outlined by Robbins and
Horst (1976).

The closed chamber analysis developed here invokes several assumptions common to a "well-stirred
reactor.” Velocitics within the chamber are assumed vanishingly small, and, hence, balance of momentum
implies spatially uniform pressure. For consistency, kinetic energy is assumed negligible compared to
stored thermal and chemical energy. All other properties of the gas phase within the chamber are spatially
invariant as the result of the "well-mixed" assumption. However, solid-phase preperties, as discussed
below, can vary as a function of 1) the particular segment of propellant which is bumning and 2) how much
mass of that scgment has been consumed. Thus, propertics of the combustion gases entering the chamber
at any given time will depend upon the amount of solid material which has been consumed by the
combustion process. The chamber initial condition assumes that the igniter material has been consumed,

although a description of igniter combustion could easily be added in the future.




Ll

3.1 Variable Property Description. The present closed-chamber combustion analysis is not restricted

to homogeneous solid propellant material with spatially uniform properties. Provisions are made for
propeliant properties such as density, stored thermal energy, etc. to have a specified variation as a function
of the depth beneath the mitial surface, which is related to the amount of material which has bumed away.
Although the propellant properties must be time invariant, the desciiption of spatial varability has
substantial flexibility while at the same time incorporating the previous description of layered propeliant
(Oberle ard Kooker 1989). Consider the schematics shown in Figures 22-24, where y represents any
propellant property and x represents a coordinate which is zero at the initial surface and taken as positive
in the direction of the interior of the propellant grain. ‘The propellant material is then subdivided into N
layers or segments in the x coordinate, where the segments do not have to have equal thickness. Let a
subscript 1 denote the value associated with the beginning of the segment and a subscript 2 denote the
value at the end of the segment. A basic assumption of the analysis is that property variations witi 'n a
given segment are linear in the x coordinate. Between segments, however, no continuity is assumed or
required; both the function and its spatial derivatives may be discontinuous. The flexibility provided by
this description is illustrated in Figures 22-24. The continuous property variation shown in Figure 22 is
cnforced by sctting

Vo =¥y, for1SisN -1, "

where the accuracy of the representation by lincar segments will be govemed by the chosen thickness of
the segments. A material with distinct layers (see Figure 23), each of which has uniform propenrtics, is
described with

= or 1 i <N
Wll_ \Vzl.f’ i )

And, as sketched in Figure 24, the analysis will also describe a material composed of a combination of

distinct layers, cach of which has variable properties.

An analysis of closed-chamber combustion must relate chamber pressure, at any instant of time, to
the amount of material consumed by the combustion process. This requires some type of "progress

variable” to monitor the extent of completion of the combustion process. An additional role for this

variable is to link the instantancous value of burning surface area to the amount of solid propellant
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mass which has been consumed. The present analysis will choose the progress variable to be the fraction

of propellant mass in_segment "i" remaining in the chamber, denoted as &; and defined

3

&

(10)

E]
o

where
m,? = solid propellant mass initially contained in segment "i"
i

mg, = solid propellant mass of segment "i" remaining in chamber,

Note that when
the segment is unbumned ==> & = 1

the segment is consumed ==> §, = 0.
Clearly then, the fraction of propellant mass of segment "i" which has_been consumed is

1=,

This quantity is dircctly related to the depth of material which has been consumed by the combustion
process; the rclationship is given by an integral. Assume that a diffcrential volume element can be

represented as
dVv = A(x) dx

where "x" is the depth coordinate discussed above and A(x) is the grain surface area at depth "x". Note
that the direction of coordinate x is always normal to the surface A(x). Now let x; denote the depth at
}

which segment "i" begins, and X, denote the depth at which it ends. When combustion of segment "{"

is underway (i.c., x; < x < x,), then the mass of segment "i" which has been consumed is simpl
Y I 2; gm ply

[p@)A)dz .

.
&




Then the relationship between 1 — £; (the fraction of propellant mass in segment "i" which has been
consumed) and x — x; (the depth bumed of segment “i") is defined by the mass balance,
]

X
(1 =&)m = [pa@)dz. (1)

X
Y

This represents the crucial link between grain geometry (depth bumed and surface area), variable
propellant density, and mass consumed by the combustion process. In practice, given a value of §;, an
iteration procedure is used to determine the corresponding value of "x" which balances Equation (11) to

within some tolerance. Also note the obvious cquality when x = x, , i.e.,
¢

12‘_

m = [p,()A@)dz . (12)

xli
Now the assumed linear dependence of any property W can be expressed as

(X - Jll)

— (13
(x21 - xl‘-) )

Because the present analysis must allow for solid propellant with variable properties, the balance equations
for combustion will be a function of certain average values which account for the "history” of the property

variation to that time. The average value of a quantity (in the i segment) which has been consumed is

simply

f‘{"-(z)A(z)dz
P = L : (14)

}A(z)dz

Xy .
i




283,

=

The average value of a quantity (in the it segment) remaining in the chamber (not yet consumed) is then

12‘,
[¥;A@az
¥ = 2 : (15)

fA(z) dz

Note that if the quantity ‘P'(x) is uniform (constant value, c.g., \¥,) in the "ith" scgment, as shown in
Figure 23, then Equations (14) and (15) reduce to

W (x) =Y. (16)

Thus, in the special case of constant property layers, Equation (16) defines both the average value of the

guantity which has been consumed and the average value of the quantity remaining in the chamber.

3.2 Goveming Equations. The cquations goveming combustion of solid propellant in a closcd
chamber are straightforward. Since no mass enters or Icaves the chamber, conservation requires that any
solid mass consumed in the combustion process must reappear in the gas phase. Since the velocitics of
both phases are assumcd negligible, a momentum balance in the chamber reduces to a statement of
spatially uniform pressure. The balance of energy monitors the transfer of stored chemical encrgy in the
solid to the gas during combustion, and accounts for any heat loss through the chamber walls, Finally,

a gas-phase equation of state must relate pressure, temperature, and gas volume.
Some notation is required to express these balance laws, For a chamber of fixed volume, let

P, = chamber pressure,
T,, = chamber temperature,

V., = closed chamber volume

Ve, = chamber volume not occupicd by solid material.




Then define
b = covolume,

|
l
‘-3'( C, = specific heat at constant volume, [here, R / (y ~ 1)]
/ ¢ = specific intemal encrgy.

|I m = solid propellant mass remaining in chamber,
M = molccular weight,
Q,, = cumulative heat loss to chamber walls
R = universal gas consiant/molccular weight = R, / M,
Yy =C,/C,
p = density.

|
|
|
|
|
|
|I Define the subscripts
]‘ ( ), => pertains 1o solid phasc (solid propeliant),
’ ( )g => pertains to gas phase (combustion products),
J ( )‘-g=> pertiins to gas-phase igniter products,
( ), => pertains to air initially in chamber,
_ |‘ ( )ep=> pertains to chamber conditions,
N ( );=> cvaluated at the beginning of the segment,
! (' )o=> cvaluated at the end of the segment,
( ); => pertains to the ith scgment or layer of the solid propellant.

" _n

A superscript "¢" mcans

( )° => pertains 10 the initial condition (at time zero).

l For each segment i, the initial conditions provide m f. the initial mass of propellant in scgment i. At
i

I any other time, m_ is the mass of propellant in segment i remaining in the chamber as solid. The ratio
\ i

|

|

of these two quantities is chosen as the progress variable &;. Thus by definition,

48




m, (0) = m,:f CE( an

and mass conservation for cach propellant segment rcquires that

mg‘_(t) = m':: - ms‘_(t) = mxo [1 - &l-(:)] . (18)

- Subscript { denotes propertics associated with one of the N segments of the solid propellant material. It
is assumed that the scgments are numbered scquentially, with the segment labelled { = 1 at the outer
surface of the unbumed grain. Note that at any time before segment § begins to bum, §; is unity; at any

time after segment § has been consuned, §; is zero.

Expressions for the gas-phase equation of state and the energy balance for the chamber will depend
upon certain time-varying average quantitics; i.e., thermochemical and physical propertics of the

propellant. These average values at time ¢ are functions of the solution ai time ¢ Clearly, the desired

solution will require an iteration procedure. Define the following average quantities which are functions

of the final solution at time ¢

©
[}

m J".’ / (Average density of material not yet consumed.) (19)
[}

[
{]

= m;_’ » (Average specific intemal energy of material not yet consmned) 20)
i [}

which employ Equation (15), and

-I;g. = m: * (Average covolume of material consumed.) @n i
i 1
l _ Al
' C, =m, » (Average specific heat at constant volume of material consumed.) (22)
& i

i
!

g =1 : « | (Average value of universal gas constant/molccular| . (23)
i i

weight of material consumed.)
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which employ Equation (14). It is important to notc that Equations (19) and (20) define the average of
a quantity not yet consumed, whereas Equations (21)—(23) define the average of a quantity which has been
consumed. The reader should note that, as defined above, the "over bar" quantities are all functions of

o

5.t
i

m

A covolume equation of state for the gas mixture can be written,

Py {Vf, ¢ce — volume occupicd by gas molcculcs}

N
=R,T., ¥ (no. molecs of gas} 1)
i=1
The volume of the chamber not occupicd by the solid propellant (Vy, ) is simply
N —
Viree ™ Ven = % Bs 25 - (22)
] =
Then the cquation of state [Equation (21)] becomes
no_ N _
Pch Vch - El p:‘. E:i _bigmig _bama - Z} bg‘.(l - é,)
| = | =
N
=Tep |Rigmyy + Rgmg + Li mgi (r-&)[ . (23)
| =

For convenience, define the tenms

K,=2V_,-b,m




B

ncither of which are constant; both must be updated in the itcration procedure. Equation (26) can then

be writien,

N - N
P 1Ky - _E ('p',_-bgi)gi =T, 1K, - L Szgigij . @n

i= ! i=1

To write the energy balance in the chamber, let E represent the total encrgy contained in V. Then

the first law of thermodynamics statcs that
E = E(1) + Q,(1) (28)

where @ (1) is the cumulative heat loss from the chamber. For the ETC reduction, Q,(¢) = cumulative

heat low-cumulative electrical energy input. The initial energy E° is simply,

E° 0 g M 29
=M € + l ¢, (29)
[l =

which neglects stored thermal energy in the solid material at the initial temperature compared to stored
chemical energy. For any time greater than zero, the igniter material has been converted to gascous

products, and the total energy can be represented us

"M

E(t) =
i

NVES

~0
€s. E.u' + Tch mig Cv- +m, Cv +
i ig a

Evg. =80 @o

1 1

Hence, the first law in Equation (28) becomes

N
EO - QW(I) bl . El E:j ﬁl + Tch ,n"g
l =

N _
Cy, +m,C, + K Cvg‘,(l*i;)J )]

Again for convenience, define the term

N
Ky=mg, C"ig +m, C"'a + X C,
I =
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which also must be updated in the iteration procedure. Solving Equation (31) for T,

(32)

The analysis which follows is based on the convention that propellant segments are labeled § = 1,...,N
in the order in which combustion will rcach them. Thus, when scgment & is buming (/<k<N),

a) segments [,...(k-1) have been consumed [E,’ s = 0], and b) scgments (k+7),..,.N arc unbumed

[E_,’ 5 = 1]. With this convention in mind, define the following terms:

5
y ! n
Cl!KI-ial\p:‘."bg‘.)E;l ’
P2k
N
o Y s
szkz"___lc.}{g‘&‘ )
i #k
N
Y -
C3EK3‘i=lcv &‘ y
&;
i#k
N
C4£E°--Qw(t)—l.§1?s?§‘-
-'-J:k

Note that C;, C,, C3, and €, must also be updated in the iteration procedure. The gas mixture equation

of state, Equation (27), can then be written as

Pch {Cl - (5:“: - ng) z-ak} =Ty {C2 - (igk &k} ’ (33)




and the chamber energy equation, Equation (32), becomes

T, = 34
"I G >
8k
Substituting Equation (34) into Equation (33), assuming that P, (¢) is given by experimental data from

the chamber, the result is a quadratic equation for &, the fraction of propellant mass in segment & which

has yet to be consumed.

QA&Z + Qp€i+ Qc =0 (35)

where

) = -
5 = Pch c’vgk (psk - bgk)

-0

QAECnge

QB = Pch [Clavg * CS(ES - Eg ” - CZE'O - C4,9_{

P g
P k k k k

Qc=C,Cy-FP,;C G,

The solution: of Equation (35) is simply

6
€k=-{Qu+\/Q;‘4Qan}/2QA e

This value of &, is used to update all the time-varying average quantities as well as the terms (e.g., K I

K;, K3) which are functions of thesc quantitics. Then a new solution for &, is obtained from

Equation (36), and the process is repeated until successive iterates are equal to within some tolerance.

Experience with the test cases has shown convergence to be quite rapid.
Once the solution for the §, has been determined, chamber temperature T c(,") follows dircctly from
Equation (34). Notc that the valuc of chamber pressure at which the 4% segment "bums out” is given

explicitly by Q- = 0 or
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(37

Once the 4™ scgment is consumed (£, = 0 and hence m_, = 0), the analysis automatically assumes that

the & + / segment begins bumning with the initial condition my, or §, ., =1. When

= m o
+ 1 ket
the last or N¥° segment has been consumed, the function m.(t), the total propellant mass remaining in the

c¢hamber,

N
m(t)= X m)&() , (38)
i=1

has been determined.  The time derivative dm,/der can easily be determined by finite difference with
sccond-order accuracy. In several checkout cases, this finite difference derivative was compared to the
differential of a cubic spline and found to have the same accuracy. Given the instantaneous surface ared,

.

A1), as a function of depth bumed, the effective lincar regression rate is simply

dm/dt
r =

—_—— 39
P A &)

It is well known that the values of linear burning rate deduced from a ciosed chamber pressure record
will be influenced by the amount of heat (or energy) lost to the chamber boundaries or walls. In the
present analysis, this is represented by the term @, the cumulative heat loss to the chamber walls.
Possibly because the computation of Q,, is not trivial, there seems to be no gencral agreement on the
calculation procedurc. In many cascs, however, the calculation depends upon Q,,, .., the amount of heat
lost to the chamber walls up to the time of maximum pressure [currently in BRLCB, Q,, is computed as
Pon! Popynar) * Qmar]- @pmay 1S computed in the following way: Equation (26) gives a value of T, based

on the measured value of maximum pressure; Equation (31) is then solved for the conesponding value

of heat loss, Q...
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4. VALIDATION
To validate the computer implementation of the mathematical model and the various grain form
functions, a series of test cases were performed. The test cases can be divided into five series with the

following objectives.

Serics 1. Validate the computer implementation of the mathematical model through comparison with

analytically generated data.

Serics 1. Quantify the affect of reduced accuracy in the input pressure data on the accuracy of the

deduced buming rate.

Scries III. Validate the grain form functions.

Series IV, Validate the ETC Buming Rate Reduction option.

Scries V. Validate the computer implementation for multilayered propellants with constant propertics

and varying propertics.

4.1 Scries I Test Cases. To validate the computer implementation of the mathematical model, results

from BRLCB arc compared to an analytic (no numerical methods utilized) solution of the closed-chimber
problem (valid only for single perforated grain with a burn rate cxponent of i) using a procedure provided
by Robbins and Lynn (1988). Table 38 summarizes the input parameters used to generate the analytic
data as well as the inputs to the various options of BRLCB. Sufficient information is available from the
analytically gencraied data to validate the buming rate reduction opticr: (1) [and, hence, the interrupted
humer option (4)], the pressure gencration option (2), and the surface arca analysis option (3). The ETC

bum rate reduction is validated in test scries [V.

Test Case 1. In this test casc, the pressurc-time data from the analytic solution of Robbins and Lynn

arc used 10 validate the buming raic reduction (and thus the interrupted bumer option) option of BRLCB.

Results from the BRLCB bum rate analysis are given in Figures 25 and 26. The deduced buming rate




e

Table 38. Input Parameters for Robbins and Lynn Analytic Solution

Closed-chamber volume: 205.002 cm?
Grain geometry: Single Perforation
length: 2,54 cm

diameter: .635 cm
perf diam: .127 cm

Propellant:
Impetus: 1,009.5959 J/g
Flame temperature: 3400 K
Ratio of specific heats: 1.2299
Molecular weight: 28
Covolume: 850318 cm3/§
Dernsity: 1.6608 g/cm
Total mass: 56.699GS g + .09072 g igniter

Bum rate law:

r=.73679 P cmy/s

is shown in Figure 25 with the corresponding pereent crror with the assumed buming ratc given in
Figure 26. As can be seen from the figures, the deduced burning rate is linear (on log-log scale) with a
maximum percent error of approximately 0.002%. Thus, it appears that the computer implementation is

accurately predicting propellant bum rates from closed-chamber pressure-time data.

Test Case 2. Using the same inputs (Table 38) as in the Robbins and Lynn model, BRI.CB was used
to generate the closed-chamber pressure-time trace shown in Figure 27. A comparison with the Robbins
and Lynn generated pressure history (in terms of percent ervor) is provided in Figure 28. Although the
maximum percent error has increased by an order of magnitude (0.02% vs. 0.002%) compared to test
case 1, the authors believe that this is siill within the round-offAruncation crror associated with the

numeric methods employed in BRLCB.

Test Casc 3. As in test case 1, the analytic pressure history is used as input to the BRLCB code.
However, in this test case, the assumed bumn rate (Table 38) is used to determine the grain surface arca
profile. Thus, the surface arca analysis option of BRLCB is being validated. Figure 29 shows the percent

error between the BRLCB computed surface area and the Robbins and Lynn surface area. The maximum

percent crror is approximately 0.002%.
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The authors believe that the results of these three test cases sufficiently validate the computer
implcmentation of the mathematical model described in section 3 of this report (except for the ETC
option). Although the Robbins and Lynn analytic data are for a homogenecous single layered grain,
BRLCB utilized the same algorithm in dealing with multilayered grains as for single layer grains. Thus,
the BRLL.CB analysis for multilayered grains should be as accurate as for the single layer gains. The only
question for the multilayered grains should be the codes ability to handle the possible jump discontinuities
in physical propertics associated with going from one layer to the next. At most, any affect due to the
discontinuities should be obscrved only in those time steps which require buming in two distinct layers.
However, as will be shown in section 4.5, BRLCB is able to accurately handle the discontinuous jumps

between grain layers.

4.2 Scries II Test Cases. The three test cases presented in Section 4.1 were run on a CRAY computer

with 16 significant figures for the pressure input data. Unfortunately, experimental data seldom arc this
accurate. Thus, it was of interest to determine the affect less accuracy in input pressure data would have

on the computed burning rates. Thesc results are presented in test cases 4 and S.

Test Case 4. This test case is identical to test case 1 except that the accuracy of the pressure data was
reduced from 16 significant figures to 6. The percent error in the computed buming rates is shown in
Figure 30.

As can be scen in Figure 30, the maximum pereent error is approximately 0.03%. This represents an
order of magnitude incrcase in percent emor over the 0.002% obscrved when the pressure was accurate

1o 16 significant figures (Figurc 26).

Test Case 5. In this test case, the accuracy of the input pressure data was further reduced to four

significant figures. As shown in Figure 31, the maximum percent error has risen to between 3% and 4%.

4.3 Secries 11T Test Cases. The objective of the test cases in this scries is to validate the coding

associated with grain geometry form functions (all g ometries except the sandwich grain with inhibited
sides for which no pressure-time data could be geneicted). For test scries I, the grain geometry was a
single-perforated cylinder and the results from that test series confirmed that the form function was
correctly implemented for the single-perforated grain. Form functions for 11 of the remaining 12 grain

geometrics available in BRLCB will be validated in this series by performing a buming rate reduction

62
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using BRLCB. However, unlike test scries I, pressure-time data are not provided by an analytic solution
but by adapting the interior ballistic code IBHVG2 (Anderson and Fickic 1987) to simulate a
closcd-chamber firing. Thus, the pressure-time input data will contain round-off/truncation error which
may affect the accuracy of the BRLCB bum rate computation (i.c., increase in percent error between
deduced and assumed bum rate). In addition, the IBHVG?2 pressure-time data are accurate to only four
decimal places (five total decimal digits). Therefore, based upon results of test series IT and potential
round-off/truncation errors within the pressure data, percent ervors between deduced and assumed bum

rates on the order of several percent should be expected from the computations.

Tast Case 6. For thie spherical form function, the percent error between deduced and assumed bum
rate is shown in Figure 32, Inputs used for this tesi case are identical 10 those of the sample test case

provided in section 2.
Test Cases 7-15. Results for the remaining grain gecometries (except sandwich with inhibited sides)
are presented in Figures 3342, In all cases, the input o IBHVG? and BRLCB remained the same except

for the grain gcometry. These fixed inputs are provided in Table 39.

Tabie 39. Fixed Input Parameters for IBHVG2 and BRLCB Simulations

Closed-chamber volumc: 300 cm?
Grain gecometry: Varicd
Propellant:

Impctus: 1,140 J/g

Flame temperature: 3410K

Ratio of specific heais: 1.225

Molecular weight; 24.809

Covolume: 996 cm3/§

Density: 1.58 g/cm

Total mass: 90 g + 1 g igniter
Bum rate law:

r=.16 P8 cmys
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As can be observed from Figures 32 through 42, the percent error from the BRLCB calculations is
generally within the 2-3% expected. The exceptions being the 19-perforation hex grain and the cigarette
grain. However, as shown in Figurc 39 where the actual data points are starred, the percent error is
outside of the expected range for only two points. In the case of the 19-perforation hex grain, these points
correspond to a grain slivering event; for the cigaretie grain, the points are the first two points in the
calculation where the numerical methods utilized will be most inaccurate, Based upon the results of this

test series, the authors belicve that the grain geometry form functions have been correctly implemented.

4.4 Series IV Test Case. Test Case 17. The objcctive of this series was to validate the BRLCB ETC

bum rate reduction option. The ETC option is implemented in the mathematical model by assuming that
the clectrical cnergy is strictly additive with the chemical energy. Thus, the clectrical encrgy simply
represents a source term to the energy balance equation. As in the series III test cases, input data were
generated using an interior ballistic code. In Lhis case, a modified version of IBHVG2 (Eamhart and
Winsor 1992) capable of simulating the ETC process. Inputs for the modified IBHVG2 simulation and
BRLCB reduction arc provided in Table 40.

Table 40. Input Parameters for IBHVG2 and BRLCB Simulations for ETC Bum Rate Reduction

Closed-chamber volume: 65.5 cm’
Grain geometry: Sphere
Propeilant:
Impetus; 1,165 J/g
Flame temperature: 3,680 K
Ratio of specific heats: 1.2155
Molecular weight: 26.2532
Covolume: 996 cm3/g
Density: 1.6 g/cm3
Total mass: 13 g 4+ .5 gigniter
Bum rate law:
r=.2259 P86 cmys

77



El

. A = " -
B P - . T .
G e e U R T L

R S

———

o

—YE "

The ¢lectrical energy added to the svstem is shown in Figure 43.

Percent error between deduced and assumed burn rate is given in Figure 44. As shown in the figure,
the percent ervor is well within the expected limits. Thus, the authors feel the ETC bum rate reduction
option is properly implemented.

4,5 Series V Test Cases. In this series, the ability of BRLCB 10 handle layered propellants with

constant and varying properties is investigated. Test case 18 addresses constant properties, while varying

properties are investigated in test case 19. Unlike the previous test cases, these two test cases use the
pressure generation option of BRLCB to generate the pressure data used in the bum rate reduction.
Although this may appear to represent a circular validation, this is not the case. The object of these test
cases is to determine if BRLCB can cleanly handle the potential discontinuous jumps in properies
(thermochemical and bumn rate) at the layer boundaries. The pressure generation option of BRLCB
produces a pressure history at equal time steps, the jump between layers does not nccessarily occur at one
of these iime steps. Therefore, the pressure history generated by BRLCB "smears" the jump between
layers across one time step and provides no additional information to the burn rate reduction option that

would not be availablc from an experimental closed-chamber firing.

Test Case 18. In this test case, a five-layer spherc with constant properties in each layer is

investigated. Input information is provided in Table 41.

The assumed bum rates used in this case are shown in Figure 45. The comresponding pressure-time

data generated by BRLCB are shown in Figurc 46.

Rcsults of the BRLCB calculation arc presented in Figures 47 and 48. Figure 47 is the deduced bum
rate and Figure 48 the percent ermr between the deduced and calculated buming rates.

As illustraied in Figure 47, BRLCB is able to cleanly handle the jumps between the layers. The
percent error shown in Figure 48 is felt acceptable by the authors, being less than 0.01% for all but the

last 19 points

Test Case 19. This test case is similar to test case 18 except that the properties in each layer (except

bum rate) are varying as shown in Tablc 42,
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Table 41. Input Parameters for BRLCB Simulations for Five-Layer Sphere With
Constant Properties in Each Layer, Test Case 18

Closed-chamber volume: 300 cm?
Grain geometry: sphere (five layers) (.5 ¢cm diameter)
Starting depth: Layer 1 Layer2 | Layer3 | Layer4 Layer 5
(cm)
0.0 .0263 .06688 1316 23434
Propellant propertics:
Impetus (J/g): 382.5 540.4 803.7 1,064.2 1,398.3
Flame temperature (K): 2,300 2,600 2,900 3,200 3,700
Gamma (-): 1.27 1.26 1.25 1.24 1.22
Molecular wei%ht -): 50 40 30 25 22
Covolume (cm”/g: .95 92 .89 85 .80
Density (g/cm®): 1.4 1.45 1.5 1.55 1.65
Total mass: 110 g + 2 g igniter
Bum rate law
(cm/s): r=1.0P° | =.02P'3 | r=2P? | r+.01P"! | r=05p!3

The assumed bumn rates used in this case are shown in Figure 49. The corresponding pressure-time

data gencrated by BRLCB are shown in Figure 5C by the solid linc.

Results of the BRLCB calculation are presented in Figures 51 and 52. Figure 51 is the deduced bum

rate and Figurc 52 the percent error between the deduced and calculated buming rates.

As with the test case 18, Figure 51 indicates that BRLCB is capable of cleanly handling the
discontinuous jumps between layers. The percent error shown in Figure 52 is almost identical to that
snown in Figurc 48 for the 5 layer sphere with constant properties. Thus, the use of the integrals to
compute the average of the variable properties appears to have little or no effect on the accuracy of the

bum rate calculation compared to having constant property valucs.
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, Table 42. Input Parameters for BRLCB Simulations for Five-Layer Sphere
y With Varying Properties in Each Layer, Test Case 19

Closed-chamber volume: 300 cm?
. Grain geometry: sphere (five layers) (.5 cm dianeter) -
: Starting depth: Layer } Layer 2 Layer 3 Layer 4 Layer §
[ (cm)
J 0.0 02636 06688 1316 23434
’ Propellant properiies:
- Impetus (J/g):
g Start: 382.5 540.4 803.7 1,064.2 1,398.3
; End: 540.4 803.7 1,064.2 1,398.3 1,398.3
| Flame temperature (K):
! Start: 2,300 2,500 2,900 3,200 3,700
| End: 2,600 2,900 3,200 3,700 3700
Gamma (-): )
: ’ Start: 1.27 1.26 1.25 1.24 1.22
End: 1.2¢ 1.25 1.24 1.22 1.22
/ Molecular weight (-):
» Start: 50 40 30 28 22
[ End: 40 30 25 22 22
i Covolume (cm3/g):
! Start: 95 92 89 85 .80
g End: 92 89 85 80 80
) i Density (g/cm3):
: , Start: 14 1.45 1.5 1.55 1.65
| End: 1.45 1.5 1.55 1.65 1.65
- | Total mass: 110 g + 2 g igniter
! Bum rate law
| (cm/s): 4=10° | r=02P'3 | r=2P° | r=.01PM | r= 0sp!3




‘61 9583 1591 '12A8[ yoed ul SIArudGold SulkieA ifiim 219Uds 19AB[-2A1) 10J S3iel WINg p3tinssy ‘6p angig

(edW) 2INSSaI ] Joqurey)
00t 01 2

o}
—

87

(8/w0) ojey surwIng

(s/ww) ajey Futuang pawnssy =&
INIDUT

-

IR




‘61 9520 1531 I0AE[ (oE3 Ul $31110001d JUIAIEA I/ JI0Lds 19AB[-cAl] 10] ) Tdd A4 poleiauad AIOII] aItssalg Qg undig

(sua) auayy,
hs Sy oy 15 0¢ 14 02 Gl 01 g 0

o
0S
- Il‘l! mNL
; 1 007
< \\ g1
7 0GT
gLl
] 002
g2
\\ 02
I
oaz” \\ 00¢
SN it = cze
- 0ge
! Jrd e
: 00%
gy

PPL LA,

(BJW) oanssarg Joquuey)
88

oc¥
e} SINESSI Y quuog oI uEsue) T [ cLy
(ediWj @Inssaid quiog :doIJ s[qeliep [~ 00¢c

aNInA1 - GaS
0SS

S ——




‘61 25ed 1S2) 19AE] yoed Ul SotHadodd SGIATRA i[iiM o1ayds 19Ke]-9A1] 10J S2Jel sUnlng paonpdq 'is undig

(edN) @Inssar] Jaquuey)
00¥ o 2

(o]
=]

(s/u0) oyey suruwang

001
l (s/u1d) ajey Furuang peonpaq = w®

aNEDAT




61 356D 1591 '19A®] UoEa Ul SIntadodd SUIATEA UNM JaydsS JSAB[-9AT
3181 SUNLING PAUINSSE pUe 318l Wq paonpap f) 14 d U9amI1aq 1009 1Usdag 7€ «Indey

(ed ) aanssal ] Jaquiey)
001 01 2

¥e—-

& co-
]
2]

- N.OI

I'0-

jﬂwﬂ 00

1I'0

c0

(d—N) TUSOII] IO

remoeyg/(remjoeyd — d9)s00T == | 7O
aNaIonaT

G0




T rE

PR

5. COMPARISON WITH OTHER CLOSED-CHAMBER DATA REDUCTION PROGRAMS

In this section, bum rate reduction results from BRLCB will be discussed in comparison to results
from other closed-chamber data reduction codes. The objective is not validation of the mathematical
model and computer implementation, but rather to provide the user with a reference point for use when
comparing or utilizing results from different reduction programs. In addition to BRILCB, three other data
reduction programs have been or are still being employed by the Weapons Technology Directorate, ARL,
to reduce closed-chamber data. These programs are CBRED?2 (Juhasz and Price 1977); MINICB (Oberle,
Juhasz, and Griffie 1987); and SIMPCB (Robbins and Horst 1976). In a comparison of the results
produced by SIMPCB and BRLCB for JA2 stick propcllant, Robbins (1991) found virtually no difference
in the computed bum rate. Thus, comparison with SIMPCB will not be included in this report. In an
carlicr report (Obeile, Juhasz, and Griffie 1987), it was shown that CBRED2 and MINICB calculate bum
rate cqual to about 1%. Since CBRED?2 is no longer available at the Weapons Technology Directorate,
ARL, results from BRLCB will be compared to MINICB with the relation to CBRED?2 inferrcd from the
carlier comparison of CBRED2 and MINICB.

For the comparison, a 19-perforation grain was selected since this was the same grain gcometry used
in the comparison of MINICB and CBRED2. Details of the closed-chambet ¢xperiment are provided in

Table 43.

Table 43. Closed Chamber Paramcters

Igniter: 1.5-g black powdcr
Propellant: 72.2715 g

Geometry: 10-perforation Thermmochemistry
Length (cm) 0.722884 Impetus (J/g) 1,069.0
Diameter (cm) 0.865886 Flame temperature (K) 2,671.0
Perforation diameter (cm) 0.035560 Density (g/cm3) 1.636
Inner, outer, and middle web (cm) 0.114681 Molecular wci%ht -) 20.782
Covolume (cm”/g) 1.165
Gamma (-) 1.2688

Bomb: 211 cm?




_ A

-

A comparison of the computed bum rate is provided in Figures 53 and 54. Figure 53 provides the
complete, unfiltered, nondecimated output from BRLCB and the decimated (data poirits deleted) output
from MINICB (MINICB automatically decimates the output to reduce the data to be processed).
Figure 54 is filtered (low pass filter) BRLCB burn rate data vs. the MINICB resuits. A comparison of
the bum rate in the figures indicatcs very little difference in the computed burn rate except below 10 MPa
and abovc approximately 300 MPa, The differences above 300 MPa can be atiributed to the difference
in the form function used to describe the grain geometry afler "silvering.” BRICB explicitly accounts
for "silvering” whereas MINICB does not. This results in the computed burn rate for BRLCB rernaining
near lincar in the 300400 MPa range (Figure 54). To quantify the results, Table 44 compares the bum

rate results for sclected pressure.

As illustrated in Figure 53 and 54 and Tablc 44, BRLCB and MINICB produce bum rate resulls to
within 1% (100-350 MPa) and 3% at 50 MPa. Considering that differences in the computational schemes
and grain geometry form functions, the authors consider the results to be equivalent. Thus, BRLCB, at
least for the limited number of cases investigated, produces equivalent results when compared to other

closed-chamber data reduction programs used at the Weapons Technology Directorate, ARL.

Table 44. Comparison of Burn Ratc BRLCB vs. MINICB

Pressure | Bum Rate - BRLCB | Bum Rate - MINICB % Difference
(MPa) (cm/s) (cm/s) (=)

50 3.060 3.152 +3.00
100 5.335 5.390 -1.03
150 7.168 7.165 -0.04
200 9.941 10.000 0.60
250 - 13.442 13.540 0.73
300 17.325 17.280 -0.26
350 20.300 20.220 -0.39
400 21217 20.900 -1.50

6. CONCLUSIONS

BRLCB is a closed-chamber dat: analysis program designed to accommodate homogencous, layered,
and deterred propellants. The program offers five modes of operation: 1) bum rate analysis, 2) synthetic

pressure-time history generation, 3) surface area analysis, 4} interrupted bumer analysis and 5) E1'C bum

92




rate reduction. The incorporation of continuously varying thermochemical properties allows all propellant

geometries to be treated as layered or deterred. Comparisons with other closed-chamber data analysis

programs indicates essentially identical results.
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APPENDIX A:

REQUIRED INFORMATION FOR RUNNING BRLCB
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|
[ Option 1: Create Master Information File
7 A. General - name of master information fiie i current file being created from previous file
} B. Identification information
: |
| 1. Project name
1 2. Person requesting work
i 3. Master information file name (MAS extension suggested)
f C. Propellant information
: 1. Propellant type
2. Propellant lot
A 3. Propellant source
! 4. Number of layers in grain
S. Constant of varying grain propertics
| 6. Flame temperature (K) for cach layer
” | 7. Impetus (J/g) for cach layer
i | 8. Molecular weight (=) for each layer
| 9. Covolume (cc/g) for each layer
i 10. Ratio of specific heats (~) for cach layer
! 11. Propellant density (g/ec) for cach layer
] 12. Propellant grain gcometry
i 13. Grain diameter (cm)
i 14. Grain length (cm) if nceded
| 15. Perf diameter (cm) if nceded
i 16. Inner web (cm) if nceded
o 17. Middle web (cm) if needed
- ; 18. Quter web (cm) if needed
‘ I D. Igniter information
' 1. Igniter name
| 2. Igniter lot
3. Ingiter source
4. Igniter impetus (J/g)
5. Igniter flame temperature (K)
6. Igniter density (g/cc)
. 7. Igniter molecular weight (<)
: 8. Igniter covolume (cc/g)
1 9. Igniter ratio of specific heats (<)
Option 2; Update gage information
: 1. Gage ID
Y 2. Gage calibration date
i 3. Gage calibration coefficients (ser ond order fit to produce MPa)
b
!
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Option 3: Prepare pressurc/time data

Format of pressure/time data (see Table 13)

Name of pressure/time data file

Output file name for pressure/time data (ail files for the reduction will use this file name)
Time step for data in milliscconds

Using VuPoint/BRL procedure - calibration voltage of charge amplifier

VB wP - Y

Option 4: Repare firing information file

Name of master file to be utilized in creating the firing information file
Type of computation (sec table 17)

Name of pressure/time file created in Option 3 to be used in the reduction
Closed chamber volume (cc)

Iritial temperature of closed chamber (K)

Propellant mass (g)

Ignition mass (g)

Initial propellant temperature (K)

Initial igniter iemperature (K)

' 10 Ranges for bum rate low computations

11. For ETC option - name of clectrical energy file

Ve h W

Option 5: Smooth pressurc/time data

1. Type printer

2. File name (same namie as firing information file)

3. Bridge length option

4. Number of wildpoint removal passes

5. Wildpoint tolerance

6. Number of smoothing passes

7. Bridge length (fixed bridge length option only)

8. Pressurc in MPa associated with grain slivering (if slivering option selected)
9. Make pressure strictly monotonic? (yes/no)

10. Vivacity information required? (yes/no)

Option 6; Perform data analysis

Set closed chamber air mass to 0.0? (yes/no)
Change heat loss fraction? (yes/no) If yes, new value for heat loss fraction.

DN —

Option 7: Prepare output

File name

Dute of closed chamber firing
Comments on firing

Comments on reduction

Type output (hard copy, file or both)
Printer port (LLPT1, ctc.)

Number of lincs per printed page

e N




8. Skip factor for printing tabular data

9. FFT on burn rate? (yes/no)

10. Printer type

11. Pressure ranges for bP" bumn rate laws
12. Summary output sheet? (yes/no)

.
. |

!
:
|
+ l
L
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APPENDIX B:

FILE STRUCTURE: .MAS AND .INF FILES
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Lines 1-6: Array A2(1) through A2(6)
Format A80
Comments on the firing and reduction

Lines 7--26: Array A1(1) through A1(20)

Format A20
. Line 7: A1(1) Project name
Line 8: A1(2) Person requesting work
. Line 9: AI(3®) Master file name

Line 10: A1{4) INF filc name

Line 11: A1(5) PVT file name

o Line 12: A1(6)  Propeliant type

Line 13: AI(7) Propellant lot

5 Linc 14; A1(8) Propellant source

Linc 15: A1(9) Name of grain geometry
Line 16: A1(10)  Output file name

Line 17: A1(11)  Igniter name

. Line 18: AI(12)  Igniter lot

o # Linc 19: A1(13)  Igniter source

Line 20: AI1(i4) .PDT file name

| Line 21: A1(15)  Gage identification number
Linc 22: A1(16) Bomb type (closed or interrupted)
Linc 23; A1(17)  Graphics file name

Line 24: A1(18)  Computed bumn rate data
Line 25: A1(19)  Electrical energy file name
Line 26: A1(20)  Date of firing

_ame .

Lines 27 through 126: Armay A3(1)-A3(100)

Line 27:A3(1) Maximum grain depth for buming
Linc 28:A3(2) Calculation mode: (1=bum rate; 2=pressure generation; 3=surfacc arca;
4=intcrrupted bumer; 5=ETC bumn ratc)

Line 29: A3(3) Mass (grams) of a single grain

| Linc 30: A3(4) Number of layers per grain

¢ Line 31: A3(5) Number of bum rate pairs (negative number: bFAn laws;
' positive number: tabular pressure-burn rate information)
i Line 32: A3(6) Not used

L Line 33: A3(7) Grain length (cm)
. Line 34: A3(8) Grain outer diameter (cm)

K Line 35: A3(9) Grain perf diameter (cm)

Line 36: A3(10)  Grain inner web (cm)
, Line 37: A3(11)  Grdin middle web (cm)

| Line 38: A3(12)  Grain outer web (¢cm)
' Line 39: A3(13)  Igniter impetus (J/g)

‘] Line 40: A3(14)  Igniter flame temperature (K)
Linec 41: A3(15)  Igniter density (g/cc)
Line 42: A3{16) Igniter molecular weight
Line 43: A3(17)  Igniter covolume (cc/g)

|

3
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Line 44: A3(18) Igniter ratio of specific heats

Line 45: A3(19)  Gage input voliage (volts)

Line 46: A3(20)  Constant in gage fit

Line 47: A3(21)  Linear term in gage fit

Line 48: A3(22)  Quadratic in gage fit

Line 49: A3(23) Bomb velume (cc)

Line 50: A3(24)  Initial bomb temperature (K)

Line 51: A3(25) Total propellant mass (grams)

Line 52: A3(26) Igniter mass (grams)

Line 53: A3(27) Initial propellant temperature (K)

Line 54: A3(28)  Initial igniter temperature (K)

Line 55: A3(29)  Pressure due to igniter (MPa)

Line 56: A3(30) Total electrical energy (M)

Line 57: A3(31)  Flag for grain type (O=variable layers: 1=homogeneous, one layer;
2=homogeneous layers, several layers)

Line 58: A3(32) through Line 67: A3(41) Not used

Line 68: A3(42)  Time step in milliseconds

Line 69: A3(43) Observed maximum pressure

Line 70: A3(44)  Theorctical maximumn pressure

Line 71: A3(45)  Grain geometry number

Line 72: A3(46)  Number of propellant grains

Line 73: A3(47) Not used

Line 74: A3(48) Not uscd

Line 75: A3(49)  Not used

Line 76: A3(50) through Line 125; A3(99) contain the burn rate law information; absolute value of A3(5)
determines the number of pairs. If A3(5) is negative, then bPAn bum rate laws are
used. These laws are stored in the following manner.

A3(50) - first law coefficient, A3(51) - corresponding exponent,
A3(52) - second law coefficient, A3(53) - corresponding exponents, etc.

If A3(5) is positive, the tabular pressure-bum rate information is stored in the
following manner.

A3(50)-A3(79): Pressures in MPA
A3(80)-A3(99): Corresponding bum rate (cm/s)

Line 126: A3(100) Number of computational steps performed

The remaining 825 lines of the file contain properties of a single grain o: the propellant and storage
locations for the computation. These 825 lines are thought of as a three-dimensional array, PX(11,15,5).
The information is written in the following manner.

DO 10 I=1,11
DO 20 J=1,15
DO 30 K=1.5
WRITE(~,*)PX(1,J.K)
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o 30  CONTINUE
o 20  CONTINUE
| 10  CONTINUE

The structure of the array PX is as follows:
PX(1.JK):
I=property
1 = Depths into grain (0.0 is depth of outer iayer)
2 = Impetus (J/g)
3 = Flame temperature (K)
) (,{ 4 = Density (g/cc)
5 = Molecular weight (-)
¢ 6 = Covolume (cc/g)
7 = Ratio of specific heats, gamma
8 =Volume ifKis 3,4,0r5

|

|

| Valueof 1 forK a 1 or2

| 9 = Universel gas constant (cal/g-K)

l 10 = Ratio cf specific heat, constant volume (cal/g-K)
44 11 = Specific energy (cal/g)
i
|
A

J = layer
K = determines specific content of array cell
1 = value at beginning of layer

2 = value at end of layer
3 = value of integration over entire layer

|
i Integral = Integral (Property * Density * dx)
|
|
|

4 = value of last converged intcgral
5 = value of last computed integral

|
g,t} Exceptions:
1. PX(1,-,1): beginning depth of layer
# PX(1,-,2): depth or length of layer, not the depth at the end of the layer
C PX(1,-3): Not used

PX(1,-,5) depth for last computed integral

L
[ ] PX(1,-4): depth for last converged integral
ol
|
|
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SAMPLE OUTPUT
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INTENTIONALLY LEFT BLANK.
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BURNING RATE ANALYSIS
BRLCB V3.0
ADVANCED BALLISTIC CONCEPTS BRANCH - BRL.

i Project: Test of 7-perf  Requested by: oberle

| Inf File: a:perf7.inf Created From .MAS File: a:perf7.mas
a P/T File: a:perf7.pvt Calculation Qutput File:  a:perf7.out

- Smoothed: a:perf7.pdt  Graphics File: a:peri7.dat

o Fired on: 2/23/92

i IGNITER INFORMATION
o The igniter used is: Dummy JA2 Lot: Dummy
The source for the igniter is: William Oberle

IGNITER THERMOCHEMICAL PROPERTIES

Impetus (J/p): 1,140.0 Molccular Weight: 24.86900
Flame Temperature (K); 3,410.0 Covolume (cc/g): 99600
Density (g/ce): 1.58000 Gamma: 1.22500

PROPELLANT INFORMATION
The propellant used is: JA2 Lot: Dummy
The source for the propellant is: oberie

Propellant Thermochemical Propertics: Following Shects of Output
PROPELLANT GRAIN GEOMETRY

Grain Type: 7-Per. Cyl.
Length (cm): 2.000000
Outer Diam. (cm): 1.300000
Perf Diam. (cim): 100000
Inner Web (cm):  .200000
Outer Web (cm):  .300000

. Bomb Information Gage Information
! Bomb Type: Closed Chamber Gage ID: None
. Bomb Vol (cc). 300.0 Input Voltage: .0000
4 Constants for Fit: A+Bx+CA2
! A: .00000E+00
A B: .00000E+00
C: .G0000E+00
Temperature and Charge Mass Information
! Propellant Mass (g): 90.0000 Igniter Mass (g):  1.0000
3 Initial Temp. Prop. (K): 294, Igniter Temp. (K): 294.
Initial Bomb Temp. (K): 294,

i '. Number of Propellant grains: 22.38




Total # Layers = 1

Chamber Volume (cm3) = 300.000

Heat-Loss-Fraction (n-d) = .000

Time Step (ms) = .50000000E-01 Max Time steps = 1,200

Convergence Criterion = |, 100060000E-04

Computation type (1=BURN-RATE, 2=PTGEN, 3=SURF AREA, 4=INTERR BOMB, 5=ETC)
1

A e ok 2 e s 3 ol o e e e ak e o s o o e e e abe e e ae i o e 2 2ok b o oge 3 3 e 3 3k b ol e e e e S bR e de sl e ok 3 oo o o e ab abe 0 ok ol o o o e sl e sk s ok ke o ke ok ok

Beginning(1) of Layer End(2) of Layer

A e e x o as abe al e a3 o ak a8 o e o s ok e 2o s e Sk rhe e dbe she e sl e sleshe ol e sbeaboe e she s sl she e sl ke ol ab e ol b s ol abeale sl afe b3l a0 s e sl xR ol 22l she Nl abe N ke e o ok ol e oo ok

Propellani Mass in grams
e e she 2 e e o 2l e e e 3 e 3 e afe ;e 3 a e b o e e 3 5t o ade e abe X e s 3 e e M e ol o o g e e o e e < ale 2y 3 e b sl Rl ok sl s e Sk e ab e sk e ol Lt Sl s i sl sle s o sk e e ol e e ke

1 90.00002
Igniter 1.00000
Air .00000

0 3 0 3¢ 30 0 2 e o ol o o o e e o e e o ke ae s e e e e o abe o o ofe sk she S sbe sk e e sk ol S e s sheabe sbe e ab she e oo Sk sk s o b abe X o b e e ale b 3k ke ale 3l koo ol e e ke e ol ko oRok 2ol

Propeflant Density in g/cc

e s 30 2 e afe o abe oo b o s e e e 2l o ol b N e 3 3 a3k Ak o 3 ol a2 ke 3 e 3 0 o R b ke a zheob b Ak e bl o sl e sk e e o abe b e s s e e st ok ol i e o e s sl s e ok ke o Sk e ok
1 1.58000 1.58000
Igniter 1.58000

e s e ake e e e e s ade o 33 s b e e o s ok ol oo sk e e e el ool s s ek dhol ok ok b ook 3 ke s ool b ok e ok % s e e a ol ol sl e o i o ale e ol e ol ol ool o ke s ade N ok a ol e ok ok e ke

Propeliant Impetus in J/g

e ah o e o e s e st sde ohoke M sk ke s S s she dhe s ol ol e s i s s s a3 e s 3 e s e e e sl ahe ale ab e o ol s s W aje aje 3¢ 25 e 3ol i ok S ol 2 e 52 sk e adc oo ke o e w3 e a e e o ol o ok
1 1140.00000 1140.00000
Igniter 1140.00000

2 ok e s ke s e o ol obe 3k 2 ok s she b sk s ok sfe st ol e o e s s e abe b 2 ke s abe e o ol s Ak ol e e oo ok s s e 3 sl e b b al ol 2 o s ol ke ale e a0 ade e e e e e ok e e o o e e sl ok

Propellant Flame Temperature in deg K

s 2 b a0 b a2 o o o o X o i o o a2l 2 s ol o afe e o i o e e ok b ke o e 3 ok bR o abe e b s e sl s s He R abe ot ol ol e s e s sk s s e 3 s s e o sl sl sl sl 2k e ol e ol e o 3ok sk e ke
1 3410.00000 3410.00000
Igniter 3410.00000

e abe e e e o o o e o a3k o abe 3o 2 ok ok ok ok ke 3 b ok bR iR ol sk e ok ok ks e el i 0k e e o sk ol e s she ol MRoR o e sle s ke e e e ak sk ol e e ol ok ke Sk kool akeok i ok ok

Propellant Molccular Weight in g/g-mole
e 2k ok A e e ok o b o e e a0 o b ab o s s e ak ae ae a ae e b ok o a o e ak e afe b e s o e e e ke o ol e sk o o 3 S s o R e sk o 6 ae o e e 3k ol ol ok o e o o ok ok e ke ok ok

1 24.86907 24.86907
Igniter 24.86900
Air 28.90000

e o 3 28 o b b e o e s ok o 20 o b o s sk b ook e ale e oo s age e 3 s M o o s age abe bl s e abe s e e e i o o e ol o e s ke ok e e ol e ol sl e e ek ool s e sl ok e sl s sk e koo ok

Propellant Gas Constant in cal/g-deg K

e 2k o af e o s o e ;e ke ke ol o s ol s sk S et ak o o o e o i ol ade b ok b obobeag o 3k She s e ol oo ol ol b o ol B ol e e a3 o2 e s ol o e e o s 3 sl ok 3 o o 38 2 e a0k o ok ok

1 07991 07991
Igniter 07991
Air 06876

a2k e e g a2 s o s o e ok e st b ol sk sfe ek o ab ok ab ol e e o e s sieobe sk sk ok o ok ak ae e b s e s o o 20 3 ok e e Sk o o ke o 3k 3ok -4 o ok o o o o ok e e 2 o ke s e e she o ke o e

Gamma (Ratio of "pecific Heats)
a2k 2 e afe e s s She b s s e 3 s e S e sie e s e e b o e she ake 3 S 3 sk ek e xe ek e e o s e s R 38 3 51 ok e s o 3 e b s 3 3 2k Ak 2k ak e e ot o 3l 1 e b o e e of ol o ok R

1 1.22500 1.22500
Igniter 1.22500
Air 1.40000

o ok e s e o e b e 2 ae e o 3 ak abe e e b o o ol e ab o ok s s sk s e e 3K o abe o ok e ok sk ok she s e ke ol e e s o ol s 3 sk ol ol i e 3 ol ok o 3 e ok S s s e ke ol 3 oo o o s o o e sk ke ol ok
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Specific Heat (Cv) in cal/g-deg k

b ol 2 o ol e ok ae o e 3 2 o b al s sk e e e o e a0 i 2 e a2k 3l ke b ale 2 i ol s e 3l ale 3 e o e o e N e dbe e S ol S ol 3 e e N e 2 S ok e e abe ool ok 3 e i ot o o s ol e o e s ok 1

1 .35513 .35513
Igniter 35514
Air 17190

e 3 2 e 2 s abe 2 e 2 3 3k e afe 2 b e o aje a2 e o 3 e e abe i b ol ab ade abe s ol she e ak 2k 2k abe b ab b ok e kol o b b S e i e b ok o e o ol s a0 a0 ol e o b ol e a3 e o ok o ke

Covolume in cm3/g
3¢ 20 2k 3 dhe e 3 obe 2 e 2 o 3 e afe s N s e o e e e i 50 35 2 ol 3 e o 2k o abe e ol o e ol ab e al e ake ol ale o ake o ok o o a3 a3 s 3 3 a3 0 ok e e e 3 obe e ol i ol db ok abe ab ode a ok ok ol ke ke

1 99600 .89600
lgniter 99600
Air .93000

e b e 2k o n abe abe ol a2 e abe > e e ade ale e e 3 e ol 3 3o o e e s e e b b o okl oL e g ok i e dbe xbe ok i ale ok afe D ke b abe s de dpe i s o s o s o e o o S ade S i s o 3¢ ok o 2o ok ke
a4 2 ab e abe e m abe abe ade o ae b ol e akc ok ad e e o a3 e 0 o e o 0 e a0 ;b ol ab e o a2 age b ok ok sk ol ab ok e s 0k Nl b i 2k i i e ol s sk et s d o sl sl ak oge ol N o ok ol ol ak

wxkkakk Maximum Chamber **¥dkkk

Theorctical Maximum Chamber Pressure (MPa) = .49552060E+03
Theoretical Maximum Chamber Temperature (deg K) = .34100000E+04
*¥x Assuming a Heai-Loss-Fraction = .000

Maximum Total Heat Loss From Chamber (cal) = -.43689020E-02
Maximum Chamber Pressure (MPa) w/Hceat Loss = .49552060E+03

Maximum Chamber Temperature (deg K) w/Heat Loss = .34 100000E+04

** Resulis: Deduced Burning Rates Based on a Given Chamber Pressure vs, Time **

¥k N ¥R LAYER *** TIME(ms) *** PCHMPa) *** TPMR(gm) *** RBR(cm/s) *** ASUR(cm2) ***
TCH(dcgK) *** DEPTH(cm) ***
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Pressure

8.000
12.000
16.000
20.000

4.000
28.000
32.000
36.000
40.000
44.000
48.000
52.000
56.000
60.000
64.000
68.000
72.000
76.000
80.000
84.000
88.000
92.000
96.000

100.000
164.000
108.000
112.000
116.000
120.000
124.000
128.000
132.000
136.000
140.000
144,000
148.000
152.000
156.000
160.000
164.000
168.000

Rate

1.048
1.529
1.982
2450
2.909
3.336
3.776
4.206
4.559
4.99
5.381
5.805
6.187
6.588
6.987
7.383
7.776
8.165
8.557
8.942
9.328
9.713
10.096
10.482
10.861
11.253
11.550
11.957
12.364
12.727
13.126
13.472
13.844
14.242
14.584
14,972
15.312
15.686
16.052
16.424
16.779

Pressure

172.000
176.000
180.000
184.000
188.000
192.000
196.000
200.000
204.000
2n8.000
212.000
216.000
220.000
224.000
228.000
232.000
236.000
240.000
244,000
248.000
252.000
256.000
260.000
264.000
268.000
272.000
276.000
280.000
284.000
288.000
292.000
296.000
300.000
304.000
308.000
312.000
316.000
320.000
324.000
328.000
332.000
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17.158
17.480
17.871
18.241
18.584
18.931
19.310
19.658
20.022
20.372
20.725
21.083
21.429
21.786
22.138
22.503
22.860
23.182
23.534
23.905
24.270
24.606
24937
25.289
25.652
25.989
26.337
26.693
27.026
27.361
27715
28.075
28.407
28.748
29.099
29.438
29.575
29.897
30.714
30.943
31.195

Pressure

336.000
340.000
344.000
348.000
352.000
356.000
360.000
364.000
368.000
372.000
376.000
380.000
384.000
388.000
392.000
396.000
400.000
404.000
408.000
412.000
416.000
420.000
424.000
428.000
432.000
436.000
440.000
444,000
448.000
452.000
456.000
460.000
464.000
468.000
472.000
476.000
430.630
484.000
488.000
492.000

31.514
31.868
32.194
32.502
32.825
33.173
33.525
33.863
34.216
34.548
34.865
35.188
35.536
35.916
36.254
36.571
36.881
37.206
37.547
37.886
38.223
38.558
38.892
39.225
39.557
39.889
40.219
40.549
40.899
40.706
40.098
42.645
42.382
42.644
42.908
43.180
43.566
43.809
44.120
44.355




Table of Bum Rate Laws

RANGE
PLOW PHIGH COEF EXP CORR COEF
MPA MPA CM/S-MPANEXP - -
25. 50. .164721E+00 901040 999392
50. 124. .160656E+00 907147 999992
124, 372, 159972E+00 908079 995962
10. 490. 160746E+00 907204 999988
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USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort 10 improve the quality of the reports it publishes. Your
comments/answers to the items/questions below will aid us in our effonts.

1. ARL Report Number __ARL-TR-36 (Part 1) Datc of Report January 1993

2. Date Report Received

3. Does this report sausfy a need® (Comment on purpese, related project, or other arca of interest for
which the repont will be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of
ideas, e1c.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved,
operating costs avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate
changes to organization, iechnical content, format, etc.)

Organization

CURRENT Name
ADDRESS

Strect or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address
abov~ and the Old or Incorrect address below,

Crganization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, staple or tape closed, and mail.)



